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THERMODYNAMIC DIAGRAMS FOR POLYETHYLENE 
RESINS 


J. M. Lupton 
E. |. du Pont de Nemours & Co., Inc., Wilmington, Del. 


For resins of room temperature density 0.91 to 0.96 g/cc, 
enthaply and internal energy diagrams have been 
developed from 0 to 200°C and up to 1000 atmospheres. 
These diagrams can be used for estimating properties 

for which data are not available, and provide unified 

view of many properties of polyethylene under conditions 
of fabrication and use. Extent of crystallinity estimates 
can be made from enthalpy, internal energy, 

specific volume, compressibility and melting point data 
provided for hypothetical amorphous, 

crystalline and actual resins. 


THE STRENGTH OF GLASSY POLYMERS 
J. P. Berry 


General Electric Co., Schenectady, N. Y. 


The Griffith theory for brittle fracture predicts that the 
tensile strength should be inversely proportional to 

the square root of the size of a defect or flaw in 

the sample tested. The validity of this relation has been 
investigated for the glassy polymers, poly( methyl 
methacrylate ) and polystrene. The results indicate that 
the strength of the polymers depends on two factors: 
(1) the surface energy, and (2) the inherent 

flaw size. The surface energy is primarily that dissipated 
in a viscous flow process and the inherent flaw size is 
related to the tendency of the polymer to craze under stress. 


FLOW PATTERNS IN A NON-NEWTONIAN FLUID 
IN A SINGLE-SCREW EXTRUDER 


W. D. Mohr, J. B. Clapp, and F. C. Starr 


Polychemicals Department, E. 1. du Pont de Nemours & Co., Inc., 
Wilmington, Del. 

Flow patterns in the channel of a screw extruder have 
been investigated in a study utilizing a model extruder 
with stationary screw and a rotating, transparent 
barrel. Photographs of flow streamlines at conditions 
over the full range of output restriction are 
presented for a non-Newtonian fluid. A technique 
employing photographs of particle tracers was used 
with the same apparatus to permit quantitative 
measurement: of velocity profiles with both a 
Newtonian and a non-Newtonian fluid. 


THE EFFECT OF EXTRUSION VARIABLES ON THE 
FUNDAMENTAL PROPERTIES OF TUBULAR 
POLYTHENE FILM 

N. D. Huck and P. L. Clegg 


Imperial Chemical Industries, Ltd., Welwyn Garden City, Herts, England 


The mechanism of formation of tubular polythene film is a 
complicated process, and extensive studies have 
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shown that the properties of the film made are influenced | 
profoundly and in a complex way both by the | 
processing conditions used and by certain design features 

of the equipment. Studies of the effect of the extrusion 
variables on the more important film properties, 
both optical and mechanical, are reviewed in this paper. 

The results are discussed in terms of the fundamental nature 

of polythene film, its surface, its crystalline Ps 
structure and its orientation. ie 


EFFECT OF GAMMA RADIATION ON CHEMICAL 
STRUCTURE OF PLASTICS » 


V. J. Krasnansky, M. S. Parker, and B. G. Achhammer 
National Bureau of Standards, Washington, D. C. 


Twelve plastics representing various chemical structures 
were studied as part of a program to determine the utility 
of plastics as packaging materials in the high radiation 
presentation of food. The plastics were exposed to selected 
dosages of Cobalt-60 gamma radiation in vacuum and 

in air. Gas evolution and changes in infrared spectra as a 
result of irradiation were used to hypothesize the 

relative stability of these plastics to irradiation. Based on 
these facts it was found that plastics containing conjugated 
ring systems, ionic linkages, and chlorine 

in side groups were the most stable. 


INORGANIC-ORGANIC HIGH POLYMERS, 
PHENOXYALDEHYDE RESINS OF TANTALUM (IV), 
ZIRCONIUM (IV), AND HAFNIUM (IV) 


R. J. Landry and E. H. Bartel » 
U.S. Naval Ordnance Test Station, China Lake, Calif. 


A new series of inorganic-organic high polymers have been 
synthesized namely; the metaloxene polymers of 
phenolaldehyde. Titanium (IV), Zirconium (IV) and 
Hafnium (IV) phenolaldehyde have been prepared and 
other metals especially the refractory type metals 

may merit further development as calorobic plastic 
materials. The hafnium resin has been compression molded 
into a rocket-nozzle insert shape with 

satisfactory rocket-firing results. 


RESINS FROM CYCLOHEXENE OXIDE DERIVATIVES i 
AND FATTY ACIDS 


C. W. McCary, Jr. and C. T. Patrick, Jr. 
Union Carbide Plastics Co., South Charleston, W. Va. 


This article describes preparation of resins as described in » 
the title above, and the effect of concentration of the 

diepoxide, dimer acid, and initiator (stannous octoate ). 

Proportion of dimer acid and diepoxide has a marked 

influence on hardness and tensile properties 


of resins. Change in tensile properties upon ; 
aging correlates very well with change in hardness. 

Higher proportions of dimer acid produce softer, more 

flexible resins. The resins have unique electrical 

properties at temperatures up to 175°C, apparently 

because of the high proportion of hydrocarbon in the resin. 
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Best of ANTEC 
— SPE TRANSACTIONS 


For those readers of TRANSACTIONS who may not know what 

“Best of ANTEC” means, there is a tradition in the Society whereby the 
best papers presented to the Society’s Annual Technical Conference 
(ANTEC) are singled out for recognition and published as a 


group known as the Best of ANTEC. 


In past years, all the papers were published in a single issue of the 
SPE Journal, official publication of The Society of Plastics 

Engineers. However, with the establishment of a second publication—SPE 
| TRANSACTIONS— in January 1961, selection and publication, of 
necessity, had to be modified. Because the editorial scope of a 

paper is more suitable for publication in TRANSACTIONS rather 

than the SPE Journal is no valid reason for excluding that paper from 
Best of ANTEC consideration. Therefore, selections were based on value 
first, with the editorial scope of the paper determining whether it will 
be published in TRANSACTIONS or the Journal. As it developed, 

there were a total of 10 papers selected Best of ANTEC out 

of a field of 102, with six published in the April 

issue of the SPE Journal, the remaining four 


published on the pages that follow. 


Actual selection is based on a system of numerical ratings 
assigned by members of the Society’s Editorial Advisory 
Board after they have reviewed the papers. 

It is presumptuous to designate certain papers as being “best.” 


However the philosophy behind the Best of ANTEC is to 


attempt to set some standard of technical quality, thereby providing 
incentive for the presentation of papers of a high value in the field 


and in the profession at future Conferences of the Society. 
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Thermodynamic 
Diagrams for 
Polyethylene Resins 


Diagrams can be used to compute heat 

effects and changes in temperature, pressure, 
volume, and crystallinity in melting, cooling, 
molding, compression, and extrusion. Of 
great interest: T he diagrams can be used 

to estimate crystallinity, specific heat, and 
other important properties of resins that 
have not yet been synthesized 


ie showing the effects of pressure, volume, 
and temperature on thermodynamic properties such 
as enthalpy, internal energy, and entropy are well 
known for simple substances and serve many purposes 
in science and engineering. Such diagrams for thermo- 
plastic resins have been less frequently used, reflecting 
many complications in acquiring and_ interpreting the 
necessary data. However, recent studies show that a 
series of assumptions can be used to develop useful new 
diagrams of wide scope for polyethylene resins. 


Assumptions 

Three primary assumptions are required: 

Assumption 1: Semicrystalline polyethylene can be 
regarded as a mixture of a hypothetical purely amor- 
phous phase and a hypothetical purely crystalline phase. 
The degree of crystallinity, X, is then defined as the 
weight fraction of crystalline phase. 

Assuming that the value of an extensive property of 
the semicrystalline resin, such as volume, enthalpy, or 
internal energy, equals the sum of the values for the 
crystalline and amorphous phases, the degree of crystal- 
linity is: 


X = (V’—V)/(V’—V”") (1) 
= (H’—H)/(H’ — H”) (2) 
= (U’—U)/(U’— U”) (3) 
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where V, H, and U are the specific volume, specific 
enthalpy, and specific internal energy, respectively. 
Primes denote values for the amorphous phase; and 
double primes, for the crystalline phase. Symbols with- 
out primes or double primes denote values for the whole 
semicrystalline resin. These relations enable calculation 
of any one of the four quantities in each equation when 
the other three are known. 

Assumption 2: The thermodynamic properties of 
polyethylene melts are independent of such molecular 
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structure features as chain branching, and through 
extrapolation can be used to provide estimates of the 
properties of the hypothetical purely amorphous phase. 
Experimental measurements on melts of high-density 
and low-density polyethylene resins show that melt 
specific heat is nearly independent of the degree to 
which the polymer is branched (1, 2). Thus, with suf- 
ficient accuracy for practical purposes, these values may 
be averaged and used to construct a single curve for the 
one-atmosphere enthalpy of any polyethylene melt as 
a function of temperature starting with T,,, the tem- 
perature above which (according to many different 
tests) all crystallinity disappears. Extrapolation to tem- 
peratures below T,, provides one-atmosphere enthalpies 
for the supercooled melt. These may be used as the 
one-atmosphere enthalpies of the hypothetical purely 
amorphous phase. In a similar fashion, one-atmosphere 
volumetric data on polyethylenes above T,, are nearly 
independent of branching and have frequently been 
extrapolated to temperatures below T,, to estimate 
amorphous specific volume. Recent measurements (3) 
show that the specific volumes of high-density and low- 
density polyethylene resins differ by less than 0.5% 
(the experimental uncertainty ) at pressures up to at 
least 600 atmospheres. Since pressure affects enthalpy 
only through the pressure-volume-temperature rela- 
tion, as shown by the equation 


(dH/dP), = V—T (dV/0T)> (4) 


the effects of pressure on enthalpy must be similarly 
independent of chain branching. Thus, the single one- 
atmosphere T-H curve above, including the extrapo- 
lated portion, can be extended into a family of isobaric 
curves for the T-P-H relation of any melted, super- 
cooled, or amorphous polyethylene. 

Assumption 3: The physical and thermodynamic 
properties of the hypothetical purely crystalline phase 
are independent of chain branching and can be esti- 
mated from x-ray diffraction studies of polyethylene 
cell constants as a function of temperature (4), from 
x-ray diffraction determinations of the cell constants of 
hydrocarbon crystals at high pressures (5), and from 
the heats of fusion of crystalline polyethylene (2, 6, 7). 
Although uncertainties in the final estimates are sub- 
stantial, they have minor effects on the diagrams. For 
example, compressibility is small enough that relatively 
large uncertainty has little absolute effect on either 
volume or pressure-enthalpy corrections. 

As shown by many recent studies of polymer mor- 
phology, each of the assumptions above is subject to 
numerous and extensive qualifications. Nevertheless, the 
assumptions provide an effective basis for first approxi- 
mations which are entirely adequate for many practical 
problems and which can serve as valuable points of 
departure when more accurate analyses are needed. 


Construction of Diagrams 

The enthalpy and internal energy diagrams in Fig- 
ures I to 3 were constructed by using standard physical 
and thermodynamic relations and the assumptions above 
with additional data (1, 7) on the semicrystalline 
resins listed in Table 1; data for other resins may be in- 
corporated as they become available. One atmosphere 
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Figure 2. Enthalpy and internal energy diagrams. 
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Table 1. Summary of Polyethylene Resins 


Resin Density at 23°C 


Reference 
A 0.915 g/cc 2 
B 7 
0.925* 
Cc 0.96 
D 0.96 3 


* Results based on data for two resins; see text. 


and 100°C are used for all resins as convenient stand- 
ard pressure and temperature. The term “amorphous 
field” is used to designate the families of curves for the 
amorphous phase; the reliability of the data and con- 
cepts involved appears sufficient to justify extending 
these curves through the ranges from 0 to 200°C and 
from 0 to 1000 atmospheres. Similarly, “crystalline 
field” designates curves for the crystalline phase ex- 
tending through ranges from 0 to 110°C and 0 to 1000 
atmospheres. Narrow lines are used to differentiate 
curves for these fields from curves for the semicrystal- 
line resins. Curves for the effects of compression on the 
melting points of resins A and D are included in Fig- 
ure 2; the location of such curves varies with the degree 
of chain branching. 

Because only a few data are available on semi-crys- 
talline resins, only limited tests of the accuracy of the 
diagrams have been feasible. When plotted on an en- 
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Figure 3. Enthalpy and internal energy diagrams. Data for 
resin B are consistent with the isothermal tie lines implied 
between the amorphous and crystalline fields to within 0.01 
cc/g or 5cal/g, or 5°C 
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thalpy-volume diagram (not included), data for resin 
A—on which volumetric data were not published— 
imply a volume-temperature relation intermediate be- 
tween the relations (8) for two resins with 23°C densi- 
ties of 0.914 and 0.923 g/cc; the degree of consistency 
implies that uncertainties in the diagram are equivalent 
to volumetric uncertainties less than 0.005 ce/g. 

In addition, careful inspection of Figure 3 shows that 
the data for resin B are consistent with the isothermal 
tie lines implied between the amorphous and crystalline 
fields to within 0.01 cc/g, or 5 cal/g, or 5°C. However, 
study of the original report (7) indicates that the re- 
sults plotted in Figure 3 were obtained by combining 
volumetric data on a resin having 23°C density near 
0.915 g/cc with enthalpy data on a resin having 23°C 
density near 0.925 g/cc. (The importance of small den- 
sity differences was not then appreciated.) Because 
original data are lacking, correction for this difference 


in resins is not feasible. Since the directions of the dis- — 


crepancies above are consistent with the difference in 
resins, portions of the discrepancies can be attributed 
to inadequacy in the semicrystalline data rather than to 
fundamental uncertainty in the diagram. Nevertheless, 
these uncertainties of 0.01 ce/g, or 5 cal/g, or 5°C ap- 
pear to be conservative but reasonable guides to the 
use of the diagrams. If greater accuracy is needed, the 
diagrams should be used only for first approximations. 


Discussion 

The diagrams summarize many physical properties 
succinctly. The slopes of the curves in Figure I repre- 
sent specific heats at constant pressure; a corresponding 
T-U diagram would show specific heats at constant vol- 
ume. Compressibilities and thermal expansion coeffi- 
cients can be computed from the volumetric data. 
Through equation 1, 2, or 3 such calculations can be 
made for resins that have not been synthesized, for ex- 
ample, for a resin with X = 0.6 at 50°C and 1 atmos- 
phere. Conversely, as illustrated below, the diagrams 
can be used to follow changes in crystallinity from volu- 
metric or thermal data. 

The diagrams can obviously be used to compute heat 
effects and changes in temperature, pressure, volume, 
and crystallinity in a variety of processes. These include 
melting, cooling, molding, compression, and expansion 
under wide ranges of conditions. 

Examples of particular interest are shown in Figures 
4 and 5. Figure 4 assumes that a mold is filled with 
melted resin B at 500 atmospheres and 160°C and then 
cooled at constant pressure. As heat is removed, the 
point representing the condition of the resin moves 
downward along the 500 atmosphere isobar. Since the 
process is isobaric. the decrease in enthalpy equals the 
heat removed. When the melting line for this resin is 
reached at B, a crystalline phase represented by A be- 
gins to appear and the moving resin point changes 
direction to move along the tie line. 

If the resin behaved as a single-component system, 
the phase rule would require the resin point to con- 
tinue along the tie line to A where the resin would be 
completely crystalline, but because of polymer complex- 
ity the point drops downward along the curved line, 
dashed in part to show where its location is not certain. 
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Figure 4. Diagram for following trends in crystallinity 


As cooling continues, degree of crystallinity increases. 
This can be computed at any point through equations 
1 or 2 or through the equivalent graphical rule that X 
equals the ratio of a tie-line segment, such as C’B’, to 
the complete tie line, such as A’B’. Thus, the diagram 
provides means for following trends in crystallinity. 

However, if the material in the mold entrance be- 
comes rigid enough—for example, at G—the material 
within the mold can no longer be kept at constant pres- 
sure. Cooling then takes place at constant volume and 
the V-H diagram is no longer helpful. The process can 
be followed on the diagram in Figure 5 for internal 
energy as a function of pressure. At G in both diagrams, 
resin conditions are identical. As heat is removed, the 
point representing the resin moves downward along 
the isochore or line of constant volume. Since the proc- 
ess is isochoric, the decrease in internal energy equals 
the heat removed. As in the V-H diagram, degree of 
crystallinity can be computed through the tie lines. The 
example has been selected so that the resin reaches zero 
pressure at 60°C. Normal cooling cannot continue be- 
yond this point; the resin must develop abnormal crys- 
tallinity, or negative pressure, or voids, probably the 
latter. Thus, the diagram indicates regions in which 
abnormal behavior can be expected. 

These examples demonstate that the heat of fusion 
is usually large relative to other effects in melting or 
freezing polyethylene. Thus, supply or removal of this 
heat is of major importance in fabricating polyethylene. 


Conclusions 
A series of assumptions has been used to develop 
three diagrams showing relations among pressure, vol- 
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Figure 5. Internal energy as a function of pressure. Degree of 
cystallinity can be computed through the tie lines 


ume, temperature, and enthalpy or internal energy for 
polyethylene resins at temperatures from 0 to 200°C 
and at pressures from 0 to 1,000 atmospheres. The dia- 
grams can be used to compute crystallinity, specific 
heat, and other important characteristics and to follow 
changes in these characteristics as the resins are heated 
or cooled. Accuracy appears sufficient for most engi- 
neering purposes. Effective estimates can be made for 
resins that have not been synthesized. The heat of 
fusion proves to be large relative to other heat effects 
in melting or freezing and, thus, is of major importance 
in many processes for fabricating polyethylene. 
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The Strength of Glassy Polymers 


J. P. Berry 


General Electric Research Laboratory, Schenectady, New York 


he strength of all materials is much less than would 

be expected from a consideration of the molecular 
structure. This discrepancy generally arises because all 
samples tested contain flaws or defects which act as 
stress concentrators, and which thereby initiate the frac- 
ture process. The theoretical treatment of the problem, 
given by Griffith, (1) relates the tensile strength of the 
material (T), to the length of the defect (c), viz. 


9 1/2 
where E is the elastic modulus, and y is the specific 
surface energy, defined as the amount of energy re- 
quired to form unit area of fracture surface. 

The tensile properties of the glassy polymers, poly 
(methyl methacrylate) and polystyrene have been in- 
vestigated in relation to this theory, and the results indi- 
cate the importance of two factors in determining the 
strength of these polymers. The factors are: The specific 
surface energy and the effective flaw size. It is believed 
that a viscous flow process which occurs during fracture 
makes the largest contribution to the surface energy, but 
the factors which govern the size of the effective flaw 
in the polymer are, at present, not well defined. 


Experimental Materials and Methods 
The experimental materials were poly (methyl meth- 
acrylate) (Plexiglas II UVA) and a general purpose 
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Figure 1. Method of preparation of tensile samples. The tip 
of the natural crack produced by driving the wedge into the 
sawcut is retained as the flaw in the sample used for testing. 
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In ‘determining the strength of poly- 
mers, the secondary forces that determine 
viscous flow properties may be of greater 
importance than the intramolecular bonds. 
The actual strength which is proportional 
to the specific surface energy and inversely 
proportional to the effective flaw size, is 
much less than expected from theoretical 
considerations, because of the flaws which 
act as stress concentrators. T he size of flaw 
appears to be related to polymer craze 


polystyrene. The viscosity average molecular weights 
were 3 x 10°, and 3.5 x 10° respectively. To eliminate 
the effect of orientation or other inhomogeneities in the 
materials, the blanks from which the samples were made 
were selected at random over the sheets of polymer, 
taking an equal number in the transverse and longitudi- 
nal directions. 

As noted above, the Griffith treatment of tensile 
strength assumes that all samples tested contain defects. 
To assess the validity of the final equation, it was nec- 
essary to determine the tensile strength of polymer sam- 
ples containing cracks of known size. To justify extrap- 
olation of the results to conventional samples, it was 
clearly desirable that the defects which were introduced 
deliberately should, as far as possible, possess the same 
characteristics as those which would be expected to oc- 
cur naturally. The technique which was devised to 
achieve this is illustrated in Figure 1. A fine saweut was 
made in the edge of a strip of polymer. A wedge, driven 
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Figure 2. Comparison of crack morphology in poly(methyl 
methacrylate) and polystyrene samples. In the former polymer 
a crack consists of a simple single fissure, whereas, in poly- 
styrene, many fine subsidiary cracks grow alongside the main 
crack. 


into the sawcut, caused a natural crack to run across the 
sample, which was then cut down the midline and ma- 
chined to confer a dumbbell shape. The length of the 
crack was determined by the final operations, and with 
care, samples were obtained containing cracks of sizes 
down to a lower limit of ~ 0.002”. 

The crack produced by this technique in poly (methyl 
methacrylate) samples was a simple single fissure. The 
behavior of polystyrene was more complex. When the 
wedge was driven into the sawcut in this polymer nu- 
merous fine secondary cracks were formed alongside the 
main crack. The difference in behavior of the two 
polymers is illustrated in Figure 2. Because of the com- 
plex nature of the crack in polystyrene it was somewhat 
more difficult to define its length, but this was taken as 
the distance of greatest penetration, whether by a prim- 
ary or a secondary crack. 
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Figure 3. The dependence of tensile strength on crack size 
in poly(methyl methacrylate) samples under different experi- 
mental conditions: Extension rates; open symbols 0.5% /min, 
closed symbols 5.0% /min. Sample cross section; circles 0.42” 
x 0.19” squares 0.42” x 0.063”, triangles 0.98 x 0.19”, dia- 
monds 0.98” x 0.063”. 
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The length of the crack was determined by direct ob- 
servation with a travelling microscope, suitably cali- 
brated, measurements being made through both faces 
of the sample. The tensile strength of the samples was 
measured with a conventional tensile tester, the value of 
the ultimate stress being calculated from the area of 
cross-section at the fracture plane. 


Surface Energy Calculations 

The results of the tensile strength measurements on 
the two polymers studied are summarized in Figures 3 
and 4. Included in these figures are the results of experi- 
ments at different strain rates, which gave experimental 
times varying by a factor of ten, and of experiments on 
samples of different dimensions. These variations were 
introduced to establish that the results were not strongly 
dependent on the experimental details. In both- figures, 
the solid line is the theoretical inverse square root rela- 
tion predicted by the Griffith theory. The value of the 
adjustable parameter Ey was selected to give the best 
fit of the theoretical line to the data. Because of the con- 
siderable scatter in the results, it is not possible to define 
the value of Ey with greater precision than is indicated 
by the broken lines. Even so, there is ample justification 
for assuming that the results can be represented by a 
relation of the form given by the Griffith theory. Taking 
the value of Young’s modulus from the stress-strain 
curves, and assuming the value of Ey based on the ten- 
sile strength data, the surface energy for the polymers 
can be obtained. It has the value of 3.0 + 0.8 x 10° 
ergs/em* for poly(methyl methacrylate), and 1.7 + 
0.6 x 10° ergs/cm’ for polystyrene. These values agree 
quite well with those obtained by Benbow and Roesler (2) 
from experiments in cleavage, which involves a dis- 
tinctly different mechanical system. Though the figures 
quoted are defined as the surface energies in terms of 
the Griffith theory, they are essentially adjustable con- 
stants obtained by a curve-fitting procedure. To assess 
the significance of the values quoted, it is of interest to 
compare them to values which are estimated from the 
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Figure 4. The dependence of tensile strength on crack size 
in polystyrene samples under different experimental condi- 
tions: Cross sections; circles 0.42” x 0.2”, squares 0.98” 
x 0.2”, triangles 1.42” x 0.2”. 
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molecular structure of the materials. By definition, the 
surface energy is that required to form unit area of sur- 
face by separating two planes of atoms in the material. 
To simplify the calculation, the drastic assumption is 
made that the polymer molecules which pass through 
the reference plane are oriented normally to it, and are 
as Closely packed as possible. Thus the maximum number 
of the strongest (chemical) bonds will be ruptured in 
separating the planes, and the value of the surface en- 
ergy obtained should therefore represent the theoretical 
maximum. The value calculated in this way is ~ 500 
ergs/cm*, which is very much less than that determined 
experimentally. Some insight into this apparent anomaly 
is gained by a consideration of the experimental values 
of the surface energy of glass and steel. The observed 
surface energy of steel is ~ 10° ergs/cm*, which is again 
several orders of magnitude greater than the theoretical 
value (3). The observed surface energy of glass is ~ 500 
ergs/cm’*, (1) which, if anything is somewhat less than the 
theoretical value. It is well established that in the frac- 
ture of steel a considerable amount of energy is dissi- 
pated in a plastic work process which occurs in the 
vicinity of the fracture plane. X-ray diffraction studies 
of the fracture surface confirm this hypothesis, and pro- 
vide an independent estimate of the amount of energy 
consumed in the plastic work process, which agrees 
quite well with the observed discrepancy in the surface 
energy values (3). There is no evidence for the occurrence 
of such a phenomenon when glass is fractured. These 
factors raise the possibility that the discrepancy between 
the experimental and calculated surface energies of the 
polymers studied is due to an analogous viscous flow 
process. Evidence for such a process is found in the color 
effects which are observed on the fracture surfaces of 
poly(methyl methacrylate) (4, 5, 6). 


Optical Examination of Fractures 

When examined by reflected light, the surface dis- 
plays bands of color which are associated with specific 
areas of the surface, bounded by lines where the level 
sharply changes. There is a correspondingly abrupt 
change in the color at these boundaries, and within the 
areas so defined there is usually a more gradual transi- 
tion in the direction of crack propagation (Figure 5). 
The colors also change, in regular order, as the angle of 
incidence of the light is changed, which indicates that 
the effect is due to optical interference at the fracture 
surface. A mechanism by which this could arise is il- 
lustrated in Figure 6. Because of the tensile stress ap- 
plied to the sample, the material immediately ahead of 
the crack will be subjected to a relatively much higher 
tensile stress, normal to the plane of the crack. Under 
the influence of this stress the polymer molecules will 
tend to orient themselves in the direction of the stress. 
The region of orientation will be maintained ahead of 
the crack as it advances through the sample, and if it 
persists after the crack front has passed, the fracture 
surface will be covered by a region in which the polymer 
molecules are oriented normally to the surface. The re- 
fractive index of this layer will be different from that of 
the bulk material, and if the thickness is of the order of 
the wave-length of visible light, the colors observed can 
be accounted for. The orientation hypothesis is supported 
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Figure 5. Fracture surfaces of a poly(methyl methacrylate) 
tensile sample. The light and dark areas are of different 


colors in the original. 
STRESS 


RONG 


STRESS 


Figure 6. Proposed viscous flow mechanism in polymer frac- 
ture. The local tensile stress has a maximum value in the 
vicinity of the crack tip, and under its influence the molecules 
adopt an extended configuration. 
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Figure 7. Comparison of the dependence of tensile strength on 
crack size in polystyrene and poly(methyl methacrylate) sam- 
ples. Because of its greater surface energy polystyrene is in- 
trinsically the stronger material, but the large inherent flaw 
size severely limits the tensile strength of conventional 
samples. 


by the fact that the colors disappear under those con- 
ditions which would be expected to disrupt the postu- 
lated structure, such as exposure to solvents or heat. The 
colors also fade over a period of a few weeks at room 
temperature. The fracture surface of polystyrene is much 
more irregular than that of poly (methyl methacrylate), 
and such color effects, even if present, would be much 
more difficult to detect. Occasionally, however, flat mir- 
ror-like areas are produced, and colors are discernible 
which have some of the characteristics described above. 
It is clear that a mechanism of the type postulated can 
account for the discrepancy between the calculated and 
experimental values of the surface energy, since in car- 
rying out the computation no account was taken of the 
energy required to bring the molecules from the random 
configuration to that in which, it is assumed, they are 
broken. The difference between the surface energies 
obtained from the experiments on the two polymers can 
be attributed to the greater interaction associated with 
the bulkier phenyl side-groups in the polystyrene. 


Relationship of Effective Flaw Size to 
Polymer Strength 


Although the agreement between the theoretical line 
and the experimental points of Figures 1 and 2 may be 
considered satisfactory over a wide range of crack sizes, 
deviation from the agreement occurs for cracks of small 
size. The effect is more obvious in the case of poly- 
styrene. Because of the inverse dependence of the ten- 
sile strength on crack size, given by the theory, such a 
deviation is inevitable for real samples with finite tensile 
strengths, since in the Griffith approach it is assumed 
that all samples tested contain defects. The effective size 
of such a defect, so far as the theory is concerned, can 
be calculated from the tensile strength of a conventional 
(uncracked) sample, using the established value of Ey 
from the experimental results. For poly(methyl meth- 
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acrylate) this is ~ 0.002”, and for polystyrene it is ~ 
0.043”. It is evident, in carrying out the tensile experi- 
ments, that the difference in these values is due to the 
greater tendency of the polystyrene to craze, i.e., to 
develop cracks spontaneously under stress. In poly (methyl 
methacrylate) samples, fracture always occurred at the 
inserted crack, no matter how small, and very little 
crazing was detected. In samples of polystyrene, on the 
other hand, if the inserted crack was less than about 
0.070” in size, a considerable amount of crazing was 
observed, and the samples frequently fractured at some 
point other than at the inserted crack. 

It is interesting to compare the theoretical curves ob- 
tained with the two polymers studied (Figure 7). Be- 
cause of the higher value of Ey, the curve for poly- 
styrene lies above that for poly(methyl methacrylate), 
indicating that it is intrinsically the stronger material. 
However, because of its larger effective flaw size, devia- 
tion from the theoretical relation occurs at a larger value 
of crack size, and hence for a normal sample, i.e., one 
which does not contain an artificial crack, the tensile 
strength of polystyrene is much lower than that of poly 
(methyl methacrylate ). 

According to the Griffith equation, the tensile strength 
is related directly to the surface energy, and inversely 
to the (effective) flaw size. Thus high strength demands 
a large surface energy and/or a small effective flaw size. 
In the polymers studied the largest contribution to the 
surface energy is the energy dissipated in a viscous flow 
process, and that consumed in breaking the chemical 
bonds is negligible. In this respect they resemble metals 
rather than inorganic glasses. From this interpretation, 
it may be concluded that in consideration of the strength 
of polymers, the intermolecular (secondary) forces 
which determine the viscous flow properties are prob- 
ably of greater importance than the intramolecular 
(chemical) bonds. Furthermore, the surface energy, 
and through it the strength, should be related to the 
visco-elastic properties as measured by the conventional 
creep and stress relaxation techniques. The size of the 
effective flaw appears to be related to the tendency of 
the polymer to craze, but the factors which govern this 
phenomenon are little understood. 
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Flow Patterns 
In A Non-Newtonian Fluid 
In A Single-Screw Extruder 
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E.I. du Pont de Nemours & Co., Inc. 
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Wilmington, Delaware 


Experimental observations on flow patterns of non-Newtonian fluids 
indicate that the flow patterns resemble those of Newtonian fluids 
T he use of equations based on simplified extrusion theory is therefore supported. 


he screw extrusion process is employed to develop 

pressure in thermoplastic polymer melts, some of 
which exhibit marked non-Newtonian behavior under 
usual operating conditions. Polyethylene is one example 
of a polymer melt which is non-Newtonian, that is to 
say, the shear rate and shear stress are not related by a 
single constant of proportionality over a range of condi- 
tions. 


A previous study of flow patterns in a model extruder 
(3) was confined to observations of Newtonian flow be- 
havior. A simplified theoretical analysis of the velocity 
distribution in a screw channel with a Newtonian fluid 
was presented, and the experimental observations were 
found to be in agreement with predictions from the 
theoretical analysis. No analysis or results for a non- 
Newtonian fluid were presented. 


It is the purpose of this paper to expand upon the 
earlier work by presenting experirnental observations on 
the flow behavior of a non-Newtonian fluid in an ex- 
truder channel. Photographs of flow patterns in a non- 
Newtonian fluid in a transparent barrel extruder are pre- 
sented. Measurements of velocities of flow streamlines 
with Newtonian and with non-Newtonian fluids in the 
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screw channel are presented and compared. This work 
was undertaken to determine the magnitude of the de- 
viations from the velocity profiles predicted from New- 
tonian theory which result from non-Newtonianism of 


the fluid. 


Theoretical Considerations 
The expressions describing the distribution of veloci- 
ties in an extruder screw channel have been presented 
previously (1, 2). 
If 
= Velocity in the down-channel direction 


Vv 
U = Velocity of the inside barrel surface (# DN) 
¢@ = Screw helix angle. 
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= Distance from screw surface to position in 
channel as a fraction of the channel depth 
(reduced channel depth) 

= Velocity in the transverse-channel direc- 


tion 
= Dimensionless pressure gradient parameter 
_ dP 
dz 


6 U 


Speed of fluid 
Angle of fluid motion relative to a plane 
perpendicular to the screw axis. 


ll 


The velocity profile in the direction of the channel is 
then given by the equation 
v = Ucos¢[H — 3a (H— H’) ] (1) 
The equation for the velocity profile in the transverse 
channel direction, assuming no leakage over the flight, 
is 
s = Usin¢ [3 — 2H] (2) 
The speed of the fluid is given by the vector sum of the 
two velocity components 
m=vVvt+s (3) 
= \/{U cos ¢[ H—3a(H—H?) ]}'+{U sin ¢(3H*—2H) 
The angle of fluid motion is given by the relation 
Vv sin — COs 
tana = (4) 
Vvcos + s sin 
cos H—3a(H—H’*) ]sin d—sin ¢(3H*—2H) cos 


cos? ¢{H—3a(H—H’) + sin’ d (3H’—2H) 


The above expressions were derived using the following 
simplifying assumptions: 1. The bounding surfaces, 
screw and barrel, are plane surfaces; 2. The fluid has 
constant viscosity at all points in the channel (isother- 
mal, Newtonian flow); 3. The channel is very wide and 
long relative to its depth; 4. There is no leakage flow 
over the screw flight; 5. The barrel moves relative to the 
stationary screw. 

In the previous study with a Newtonian fluid (3), the 
observed flow distribution closely resembled the flow 
distribution predicted from the theoretical analysis, even 
though assumptions 1, 3, and 4, above, were not strictly 
fulfilled. 

No adequate theory exists, even in simplified form, 
to describe the extrusion of a non-Newtonian fluid. The 
coupled action of down- and transverse-channel shear 
stresses in determining the viscosity at each point in the 
fluid makes a closed mathematical description of the 
flow seemingly impossible, even for an isothermal fluid. 

As the degree of non-Newtonianism of the fluid de- 
creases, the flow of fluid in the screw channel would be 
more closely described by equations developed for a 
Newtonian fluid. In any event, the effect of geometric 
variables (¢, N, h, D) should be approximately the same 
for any fluid with zero average axial pressure gradient. 
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For a Newtonian fluid, the output flow equation, 
neglecting flight edge effects and leakage flow, has been 
given by Squires (4) as 


n7DNh(t/n—e) cos” 


q=q—-q= 
(5) 
nh*(t/n—e) dP 
dl 
where q = Volumetric flow rate from the extruder 
qu = Drag flow rate (flow with zero average 


axial pressure gradient) 
Pressure flow 

= Number of flights 

= Diameter of screw 

= Rotational speed of screw 
Channel depth of screw 
= Lead of screw 

= Axial flight width 

= Fluid viscosity 

= Pressure 

Distance along screw axis 


<= 


I 


From the previous definition of a, the above equation 
can be rearranged. 


q = qa (1—a) = = Ge (6) 
Pressure flow rate (7) 
= Drag flow rate 


From measurements, the parameter a may be defined as 
a = 1—q/qu (8) 
where q is the measured volumetric flow rate and 


nazDNL (t/n—e) cos’ 
9 


(9) 


a 


In the subsequent discussion of the results of observa- 
tions of both Newtonian and non-Newtonian fluids in 
screw channels, the parameter a is computed from the 
expression 


a=1—q/qa (8) 


and is somewhat loosely spoken of as the ratio of pres- 
sure:drag flow. Irrespective of the verbal accuracy in- 
volved, the parameter a, as calculated above, uniquely 
describes the flow profile in the screw channel. 


Equipment 

A model extruder with a transparent barrel rotating 
about a stationary screw was used in this investigation. 
The screw had a diameter of 3.5 in., a lead of 3.5 in., 
and a length of 23.4 in. The width of the flight in the 
axial direction was 0.4 in., and the channel depth was 
0.625 in. The barrel was 17.0 in. long, enabling the 
screw to protrude from the ends of the barrel into 
chambers of relatively large cross-sectional area in order 
to minimize entrance and exit effects. The fluid entered 
the inlet chamber through a 1% in. nipple from a feed 
vessel, and left the discharge chamber through 6 inches 
of 1% in. pipe. The rotational speed of the barrel could 
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Figure 1. Model extruder with transparent barrel Figure 2. Side view of probe mounted in screw channel : 
Figure 3. Extruder with transparent chamber in place Figure 4. View of channel showing down channel motion of 
particles. Taken with camera 1] 
| 
Figure 5. Cross-sectional view of channel showing particle Figure 6. Viscosity as a function of shear rate for two non- “4 


depth. Taken with camera 2 Newtonian fluids. Data obtained with a cone and plate 
viscosimeter 
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Photographs of flow streams in an extruder channel (non-Newtonian fluid) 


Angular spread of pattern increases as the ratio of pressure flow to drag flow is increased 


Figure 7. Ratio of Pressure to Drag Flow pressure gradient 
parameter a = 0.20 


Figure 8. Ratio of Pressure to Drag Flow pressure gradient 
parameter a = 0.42 


Figure 9. Ratio of Pressure to Drag Flow pressure gradient 
parameter a = 0.64 


be altered from 0-10 RPM by adjustment of a variable- 
speed hydraulic transmission between the electric drive 
motor and a chain-sprocket drive to the barrel. This 
equipment is shown in Figure 1, with the feed vessel at 
the right, and the discharge pipe at the left. 

The Newtonian fluid used in this study was 43° Be. 
corn syrup, with a viscosity of approximately 1500 poise 
at room temperature. The non-Newtonian fluid used was 
a 2.8% solution of hydroxyethyl cellulose in water. Fig- 
ure 6 shows the viscosity-shear rate relationship for this 
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Figure 10. Ratio of Pressure to Drag Flow pressure gradient 
parameter a = 1.00 


fluid. The data were obtained with a cone-and-plate 
viscometer. 

The volumetric flow rate of the extruder was meas- 
ured by means of a graduated cylinder and a stopwatch. 
A number of pipe caps, through which holes of various 
sizes had been drilled, were available to be placed on the 
discharge pipe to provide the different fixed output re- 
strictions. The rotational speed of the barrel was meas- 
ured by timing the rotation through a given number of 
revolutions. 
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Non-Newtonian Flow Patterns 


tor the purpose of displaying flow patterns in the 
channel, a special probe was fabricated of hypodermic 
tubing and installed in the center of the screw channel, 
rigure 2. [he probe extended perpendicularly from the 
screw surface to within 1/32 in. of the barrel. Eleven 
small tubes, evenly spaced from screw surface to barrel, 
extended from the body of the probe, the top of which 
was closed. The inlet end of the probe was connected 
to a syringe by hypodermic tubing passing through the 
hollow core of the screw. In this way, streams of colored 
fluid could be injected at eleven different depths into 
the screw channel. 


For the photographs of the flow patterns in the screw 
channel, Figures 7 through 10, the barrel was rotated at 
2.3 RPM while black fluid was injected into the channel 
through the probe. This black fluid consisted of a dis- 
persion of black India ink in some of the hydroxyethyl 
cellulose solution. The photographs were taken with the 
axis of the body of the probe pointing at the camera. 
Flow-pattern photographs were taken only with the non- 
Newtonian fluid during this phase of the study. 


In Figures 7 through 10, the screw flight is seen in 
the upper left and lower right hand corners of the photo- 
graphs. The black stripe just to the right of the probe 
was a circumferential line drawn on the rotating barrel 
to give an accurate picture of the line of barrel motion, 
which was from top to bottom in these pictures. The 
screw axis appears horizontal in this view, and the dis- 
charge end of the extruder is to the left of the pictures. 
The black fluid injected through the probe into the clear 
bulk fluid appears as a dark, fan-shaped pattern against 
the light background of the screw surface. The stream 
moving in the direction nearest that of the barrel is from 
the tube on the probe nearest the barrel, and_ the 
streams at progressively higher angles are from tubes 
progressively toward the root of the screw. The angular 
spread of the pattern increases as the ratio of pressure 
flow to drag flow is increased from 0.20 to 1.0 in Figures 
7 through 10, respectively. A comparison between these 
photographs and those presented in the earlier paper on 
flow patterns in an extruder channel (3) shows the flow 
distribution for the Newtonian and the non-Newtonian 
fluids to be qualitatively the same. That is, in both cases, 
for all degrees of pressure flow (a = 0 to 1.0), the arigle 
of motion of the fluid measured from a plane perpendicu- 
lar to the screw axis is always in the range 0°-180°. A 
component of fluid velocity is thus in the direction of the 
output end of the extruder at all depths in the channel, 
irrespective of whether the fluid is Newtonian or non- 
Newtonian, when any output is permitted from the ex- 
truder. For the condition of zero output (a = 1.0), the 


only components of fluid velocity are in a plane perpen- 
dicular to the axis of the screw (angle of motion either 
0° or 180°), and the axial velocity component is zero at 
all depths in the channel. 


Measurement of Velocity Profiles 


The photographs obtained of the flow patterns in a 
screw channel give an excellent qualitative picture of 
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the flow in the channel. The distortion of flow by the 
probe made quantitative measurement of velocity profile 
impossible. In order to obtain the necessary quautitative 
imsormation of velocity profile, a technique was devel- 
oped which utilized photographs of tracer particles dis- 
persed in the fluid. 

Certain modifications and additions to the equipment 
described above were necessary to obtain photographs 
of tracer particles in the fluid. First, the special probe 
used to inject the black fluid was removed from the root 
of the screw. Second, the distortion introduced by the 
curvature of the transparent “Lucite” barrel was reduced 
by fitting a transparent, box-like chamber around the 
barrel. The box remained stationary around the rotating 
barrel, and the space between box and barrel was filled 
with water. Neoprene seals at the ends between the box 
and the rotating barrel rendered the chamber water- 
tight. The system is shown in place in Figure 3. 

Two cameras with optical axes mutually perpendicu- 
lar were focused on the same spot in the channel. Cam- 
era #1 was positioned with optical axis perpendicular 
to the screw axis so that a view was obtained of fluid in 
the screw channel looking directly at the screw root. 
Camera #2 was positioned to give a view of a cross sec- 
tion of fluid in the channel at the point viewed by Cam- 
era #1. The optical axes of the cameras were perpendic- 
ular to two sides of the transparent water-filled box. 
Brackets were placed on the apparatus to which the 
cameras could be properly fixed in the correct position 
relative to each other and relative to the view desired 
of the screw channel. 


Parallax corrections for each camera were obtained 
from photographs taken of scales placed in the fluid in 
the channel. No distortion was evident for the depth in 
the channel from photographs taken with Camera #2. 
The effect of parallax on measurements of particle travel 
taken with Camera #1 was found to be 5% from top 
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Figure 11. Particle speed as a function of channel depth for 
three degrees of pressure flow (Newtonian fluid) 
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Figure 12. Particle speed as a function of channel depth for 


three degrees of pressure flow (Newtonian fluid). Note qualita- 
tive similiarity to Figure 11 


to bottom of the channel, and a linear correction was ap- 
plied based on the depth at which a particle was viewed 
by Camera #2. 

The tracer particles employed in this study were white 
resin beads of diameter 25-30 mils. The population 
density of particles in the fluid was adjusted so that sev- 
eral particles were in the useful range of view at all 
times. The screw surface was painted a flat black, and 
photographs were taken in a darkened room. Illumina- 
tion was provided by a single “Strobolux” stroboscopic 
light which could be actuated at precise intervals of 
either 1.0 or 0.5 seconds. The duration of a single flash 
was of the order of 20 y sec. The procedure employed 
was to open the shutters of both cameras, operate the 
strobe unit for 8-10 flashes, close the camera shutters, 
and advance the film in both cameras. On the resulting 
negatives the tracer particles appeared as black points 
in a clear background. 

Positive prints of a pair of typical negatives appear 
in Figures 4 and 5. In Figure 4, showing the motion of 
particles down the channel, one particle trace can be 
seen just to the right of center, another at the far left. 
In this instance, the strobe unit was flashed eight times 
at a rate of one flash per second. Therefore, the distance 
between two adjacent dots in a trace represents the 
distance that the particle moved in one second. Figure 
5 was taken simultaneously with Figure 4, looking at the 
cross section of the same portion of the channel, and 
showing the depth of each particle in the channel. It 
can be seen by comparing these photographs that the 
particle at the left was moving relatively fast and was 
near the barrel, which is the faint light line near the top 
of Figure 5. The particle near the right center was mov- 
ing more slowly, and was much closer to the screw, 
which is the black portion at the bottom of Figure 5. The 
large white trace that resembles a six-pointed star at the 
left center of Figure 5 is an air bubble in the channel. 
The short piece of hypodermic tubing extending up from 


118 


( OEGREES) 


RELATIVE TO PLANE 


OF PARTICLE TRAVEL 
PERPENDICULAR TO w 


ANGLE 


REOUCED CHANNEL DEPTH, H 


Figure 13. Angle of particle travel as a function of channel 
depth for three degrees of pressure flow (Newtonian fluid) 


the screw in Figure 5 was not present when data were 
being taken. 

The processed films from both cameras were inserted 
together into a viewing apparatus, which projected the 
images on a ground-glass screen. In this way, the particle 
traces in one view of the channel could be matched to 
those in the other view, and measurements could be 
made. In the view of down-channel particle motion 
Figure 4, the distance between a given number of parti- 
cle traces was measured, as well as the angle of the parti- 
cle path with a plane perpendicular to the axis of the 
screw. These measurements were confined to a small 
area on either side of the horizontal center line of the 
photograph in order to minimize errors due to the curva- 
ture of particle motion around the screw axis. Measure- 
ments were made only on particles traveling within the 


PERPENDICULAR TO SCREW AXIS 


ANGLE OF PARTICLE TRAVEL RELATIVE TO PLANE 


REDUCED CHANNEL OEPTH, H 


Figure 14. Angle of particle travel as a function of channel 
depth for three degrees of pressure flow (Non-Newtonian) 
fluid). Figures 13 and 14 are qualitatively similar, but Figure 
14 has higher angle at lower channel! depths 
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Figure 15. Angle of particle travel vs particle speed for three 
degrees of pressure flow (Newtonian fluid) 


center third of the channel between the flights, in order 
to minimize the influence of the flight edges upon the 
measurements. The distances as measured on the pro- 
jected image were converted to actual distances by 
means of the scale on the screw and the parallax correc- 
tion factor previously explained. In the channel cross 
section view Figure 5, measurements were made of the 
distances from screw to particle, and from screw to bar- 
rel surface. Sample calculations are in Appendix I. 
The velocity data collected in this investigation are 
presented in the plots of Figures 11 through 16. The 
curves, as plotted, represent a smooth curve drawn by 
eye through all pertinent data points; about one-third of 
the data points are shown in the figures and are a repre- 
sentative selection from the whole. In Figures 11 and 12, 
tracer particle speed as a fraction of barrel velocity is 
plotted as a function of the particle reduced channel 
depth for Newtonian and non-Newtonian fluids respec- 
tively. The resulting curves for each fluid are very simi- 
lar in appearance. In each case the data for the lowest 
value of the ratio of pressure flow to drag flow a were 
obtained with no restriction imposed upon the discharge 
pipe of the extruder. For the Newtonian fluid, this un- 
restricted discharge condition resulted in a value of a = 
0.09, or an output of 91% of the calculated drag flow. 
However, this same discharge condition produced an 
output of only 80% of the calculated drag flow or, a 
value of a = 0.20, for the non-Newtonian fluid. The dif- 
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Figure 16. Angle of particie travel vs particle speed for three 
degrees of pressure flow (Newtonian fluid). Velocity component 
is smaller here than in Figure 15 


ference arises from the low shear rates and consequent 
relatively higher viscosities present in the discharge 
chamber and pipe in the case of the non-Newtonian 
fluid. 

Figures 13 and 14 show the angle of particle motion 
plotted as a function of the reduced channel depth for 
the Newtonian and non-Newtonian fluids respectively. 
Once again, the resemblance between the curves for the 
two fluids is readily evident. A comparison of the curve 
for a = 0.64 for the non-Newtonian fluid, and the curve 
for a = 0.45 for the Newtonian fluid reveals that the 
former has a somewhat flatter appearance than the latter. 
This same difference in the flow behavior of the two 
fluids is also apparent in a comparison of Figures 7 
through 9 with similar photographs in (3). It can be 
seen that the flow patterns produced with the non- 
Newtonian fluid do not have as great an angular spread 
as those produced with the Newtonian fluid at compara- 
ble values of pressure flow. This effect is apparently due 
to a slight alteration in the transverse and down-channel 
velocity profiles arising from the non-Newtonianism of 
the fluid. 

In the two polar plots Figures 15 and 16 of particle 
velocity vs. angle of particle motion, the data for both 
fluid systems are once again seen to be qualitatively 
similar. A difference worth noting here is that, for the 
closed discharge condition, a = 1.0, the maximum vel- 


ocity in the 180° direction is greater in the Newtonian 
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than in the non-Newtonian fluid. The difference also 
shows up in the maxima of the curves for a = 1.0 in 


Figures 11 and 12. The non-Newtonian fluid more nearly 
approaches “plug flow” in the 180° direction than the 
other fluid. Hence, the maximum velocity in that direc- 
tion is greater in the Newtonian fluid. Note also that the 
90° component of velocity is greater in the curves of 
Figure 15 than in those of Figure 16. This is largely be- 
cause of the higher values of pressure flow at which the 
non-Newtonian data were obtained (a = 0.20, 0.64 vs 


a = 0.09, 0.45 for the Newtonian fluid). 


A comparison of the plots of Figures 11 through 16 
with similar plots in the earlier paper (3), which were 
based upon calculations from Eq. 1-4, will show how 
closely the data obtained in this study agree with pre- 
dictions from simplified extrusion theory. The agreement 
of observation with theory is evident in the data for both 
Newtonian and non-Newtonian fluids. 

The similarity of the experimental data for both fluid 
systems is significant with regard to the design of ex- 
truders for real polymer melts. The particular non-New- 
tonian fluid used in this investigation was chosen for its 
resemblance to a polymer melt. Notice in Figure 6 that 
the slope of the viscosity-shear rate curve for the hy- 
droxyethyl cellulose solution at a shear rate of 0.6 sec”, 
is approximately the same as the slope of the curve for 
the polyethylene melt (5) at shear rates of 10' — 10° 


aD 
sec.". The nominal shear rate encountered 


in the model extruder in this study was of the order of 
0.6 sec.*. Typical nominal shear rates in a conventional 
extruder are in the range 10' — 10° sec.”’. For this rea- 
son, the flow behavior shown in this study for the hy- 
droxyethyl cellulose solution in the model extruder 
should approximate that of a polymer melt at extrusion 
temperatures in a conventional extruder. 


Conclusions 

The flow distribution in an extruder channel has been 
described by equations derived from a simplified analy- 
sis of extrusion. One of the simplifying assumptions made 
in the analysis is that the fluid is Newtonian in its flow 
behavior. In the past it has been thought that the effect 
of this assumption did not lead to large error, and this 
impression has been borne out by the experimental ob- 
servations of this study. 

Photographs of flow patterns of a non-Newtonian fluid 
in an extruder channel have been presented. These 
photographs demonstrate that, with a non-Newtonian 
fluid, no material flows toward the rear of the extruder, 
and that the flow patterns resemble those of a Newtonian 
fluid. Data have been presented on the velocity distri- 
bution in a screw channel for both Newtonian and non- 
Newtonian fluids. The flow distribution for both fluids is 
shown to be qualitatively the same, and the behavior of 
both fluids is seen to agree reasonably well with predic- 
tions from simplified extrusion theory. 

The conclusion to be drawn from these results is that 
non-Newtonianism of the fluid, to the extent usually 
encountered, does not greatly alter the picture of flow 
distribution in the channel as based on the equations de- 
veloped for Newtonian fluids. This conclusion lends sup- 
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port to the use of the equations of simplified extrusion 
theory for calculations involving a non-Newtonian poly- 
mer melt. 
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Appendix | 


Sample Calculations 


Reduced Channel Depth: 
Reduced channel depth, 


screw to particle distance 


measured channel depth 


Measured distance from screw to particle = 14.5 mm 
Measured channel depth = 26.5 mm. 
14.5 


= — = 0.55 (Note: The measurements 
26.5 


here are dimensions on a screen on which 
the photographs were projected. ) 
Particle Speed: 
Parallax correction over entire depth of channel = 
5% 
Parallax correction = (H) (0.05) (Measured parti- 
cle travel) 


Measured particle travel = 11.4 mm. 
Parallax correction = (0.55) (0.05) (11.4) = 0.31 


mm. 

Corrected particle = (measured travel) — (parallax 
correction) travel = 11.4 mm — 0.3 mm = 11.1 
mm. 

Actual particle travel = (corrected travel) (scale 
ratio) 

Measurement scale: 69.0 mm (measured) = 2 in. 
(actual) 
2 in. 
Actual particle travel = (11.1 mm) ee) 
69.0 mm 


= 0.322 in. 
(Actual particle travel) 


(Time for measured travel) 


0.322 in. 
= 0.161 in./sec. 
2 sec. 


Particle speed, m = 


Particle speed, m = 


Particle speed 


Fractional particle speed, m/u = Barrel velocity 


Barrel velocity, U = 0.387 in./sec. 


0.161 
Fractional particle speed, m/U = 0987 = 0.42 
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The Effect of Extrusion Variables 
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For Blown Polythene Film 


© Higher extrusion temperature produces 
higher gloss film 

© Increasing output rate increases haze in films 

©@ Annealing chambers help to produce film 
of excellent quality 

e Altering state of shear through die design affects 
film clarity 

© Not only does magnitude of the transverse 
and machine direction drawing between die and freeze line 
affect mechanical properties, but also the 
order in which they occur 


Ma. than 10 years have passed since the inception 
of the tubular process for the manufacture of polythene 
film, and it may seem surprising therefore, that although 
articles on individual aspects of tubular film extrusion 
have been published, a comprehensive treatment of the 
effects of process variables on the fundamental film 
properties, mechanical and optical, has not appeared. 
However, only in recent years has the wide range of 
properties obtainable from tubular polythene film been 
fully appreciated and the complexity of the mechanism 
of film formation been recognised. 

The effects of extrusion variables on the fundamental 
phenomena determining the important optical and me- 
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chanical film properties, i.e. the nature of the surface 
of the film, its crystalline structure and the type of mole- 
cular orientation have been studied experimentally, and 
are discussed and illustrated by the results obtained. 
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Other important film properties, for instance blocking, 
slip, and proneness to develop a static charge, are cer- 
tainly influenced by extrusion conditions, but they are 
not included as they are normally modified by the in- 
corporation of suitable additives and may also be con- 
trolled at less critical stages: of film production than 
those determining optical and mechanical properties. 

To simplify presentation, the nature and the variation 
with extrusion conditions of the optical and mechanical 
properties of film are discussed separately in the two 
main sections of the article. In a discussion of these op- 
tical and mechanical properties it is essential to be fa- 
miliar both with the methods used to measure them and 
with the main physical features of the film itself. This 
information is given in short introductions to each sec- 
tion. 


OPTICAL PROPERTIES— 
THEIR NATURE, ORIGIN AND 
VARIATION 


Definitions and Measurements 


Percent Haze—Haze is defined as the percentage of 
transmitted light scattered by the film more than 2.5° 
from the normal incident beam, and has been measured 
according to ASTM method D1003-52. 

No indication is given by this measurement of the 
complete polar light scattering diagram and important 
differences in texture may thus exist in films having the 
same percent haze value. In films used for display 
packaging, for example, not only should the measured 
haze be low but there should also be a relatively small 
amount of the wide angle scattering that occurs at small 
optical irregularities. The latter determines the apparent 
change of colour of a packaged article w! © viewed 
through the film. 

The 45° specular surface gloss—Specular surface gloss 
has been measured as the proportion of light reflected 
from the film at an angle of 45°. For polythene film a 
large contribution to the specular reflection will be made 
by light undergoing multiple reflection within the film. 
Taking the first three of these reflections into account 
calculation shows that the maximum gloss value obtain- 
able with low density polythene film is about 99 units 
(9.9% reflection). 

High gloss is an important requirement of film to be 
used in display packaging. It is, however, inversely re- 
lated to haze, though an exact relationship does not 
exist because of differences in the collimation of the in- 
cident light and in the range of angles over which the 
scattered light is measured in the two tests. To save 
much unnecessary duplication we have chosen to dis- 
cuss haze rather than gloss throughout the text. 

“See-through” clarity—“See-through” clarity is assessed 
by a visual test in terms of ability to resolve fine detail 
in a fairly distant object when viewed through film. The 
need for good “see-through” clarity in most polythene 
film is questionable and this applies particularly to the 
use of film as a packaging medium as the contents of the 
package are invariably in close proximity to the film. 
Whilst good “see-through” clarity is undoubtedly of psy- 
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Figure 1. Basic types of surface irregularities on polythene 
film 
a. 50 microns orange peel (x 90) 
b. 50 microns extrusion haze (x 450) 
c. 50 microns surface crystallisation irregularities 
(x 1800) 


chological importance in selling film to the “middle man”, 
it is doubtful if it attracts the final purchaser appreciably. 


Origin of Factors Causing Light Scattering 

There are only two major types of optical irregularity 
in polythene film, although light will also be scattered 
at inhomogeneities such as grain, microgels and_parti- 
culate additives. These arise from: Surface irregularities 
caused by melt flow phenomena, and crystallization be- 
haviour. 

By far the greater proportion of light scattered by 
commercially available polythene film occurs at irregu- 
larities on the surface of the film where there is a large 
change of refractive index. 

The most important surface irregularities are extrusion 
defects originating from the complex elastic melt flow 
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Figure 2 (a, b, and c). Characteristic variation of film hazewith freeze line distance 


behaviour in the extrusion die itself, and are readily ob- 
served on the melt as it emerges from the die, (see 
Figures la and Ib). These are the only types of surface 
irregularities normally observed on film made from low 
density polythenes. Because they arise from melt flow 
phenomena their nature and magnitude will depend 
upon the particular flow properties of the polythene it- 
self, and will also be influenced by the shear rate (out- 
put rate), the melt temperature and the die profile. 

A second and also major cause of light scattering is 
surface irregularities arising from the growth and ag- 
gregation of crystallites at or near the surface of the 
film (see Figure Ic). This growth buckles the surface of 
the film and the magnitude and intensity of such irregu- 
larities, factors which determine how much light is scat- 
tered, depend upon the density of the polythene and 
upon the rates of nucleation and growth of crystallites 
through the cooling and drawing region. The important 
extrusion variables which most influence this growth 
are the temperature gradient at the freeze line, the dis- 
tance from the die to the freeze line (the “freeze-line- 
distance” or “F.L.D.”), and the cooling time, although 
orientation and, therefore, blow ratio (bubble diameter: 
die diameter), die gap etc., might also be expected to 
have some effect. 

Crystallisation effects cause light scattering not only 
at the surface but also within the film at the boundaries 
of spherulites (narrower angle scatter) and between 
crystallites (wide angle scatter). It is the former type of 
scattering which is responsible for the translucent ap- 
pearance of thick sections, e.g. mouldings. There are, 
however, only very small changes of refractive index at 
these internal optical irregularities, and in thin film the 
contribution made by this internal scattering to the total 
haze is normally small, though exceptions may be found 
in film made from the higher density polythenes. 


Effect of Extrusion Variables on Principal 
Factors Causing Light Scattering 


During the film forming operation there will be a 
change in the texture of the surface of the melt because 
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of a decrease in the height of the extrusion defects and an 
increase in their length and breadth as the melt is drawn 
lengthways and blown sideways. However, as long as 
the polythene emerging from the die remains molten, 
the overall magnitude of the extrusion defects will de- 
crease under the influence of surface tension. Thus, as 
the cooling time is increased by, for instance, increasing 
the freeze-line-distance, the magnitude of the extrusion 
defects finally frozen into the solid film will decrease and 
so therefore will the percent haze. On the other hand, 
as the freeze line distance increases the contribution to 
the total haze made by “crystallisation haze” increases 
because of the slower cooling times and larger crystal- 
line aggregates that are formed. These two opposing ef- 
fects are illustrated separately in Figure 2a and the sum 
of these curves may be considered to represent a char- 
acteristic curve for all types of polythene, both its pre- 
cise shape and the position of its minimum along the 
abscissa depending upon the melt flow properties, the 
density and the crystallisation behavior of the particu- 
lar polythene. 

The general effects are shown in Figure 2b of changes 
in other important extrusion variables on the position 
of the characteristic haze curve; increases in blow ratio, 
output, haul-off speed and extrusion temperature move 
the curve in the direction shown by the arrows. 

The effect of extrusion temperature—It is well known 
that the effect of increasing extrusion temperature is to 
produce a film having lower haze, higher gloss and 
higher clarity. Two effects combine to give these better 
optical properties, the first being that the melt is 
smoother at the higher temperatures, and the second 
that the size of the crystalline aggregates is reduced be- 
cause of the higher cooling rates used to maintain a 
given freeze-line-distance at a higher melt temperature. 

The effect of output rate—An increase in the magnitude 
of frozen-in melt surface irregularities and so in percent 
haze might be expected with increasing output rate 
everywhere up the left hand side of the characteristic 
curve (Figure 2a); this is shown in Figure 2c. To main- 
tain a constant freeze-line-distance at an increased out- 
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put rate, however, more air cooling is needed and the 
cooling rate through the freeze line increases. This 
causes the crystallisation haze curve to shift towards 
higher freeze lines, again shown in Figure 2c. The rela- 
tive magnitudes of these two opposing factors determine 
the effect of increasing ouput rate on total haze. 

The effect of blow ratio—An increase in blow ratio 
and consequent drawing of the melt reduces the size 
of the extrusion defects finally frozen into the film; at 
the same time if this change is made at a constant out- 
put rate and the haul-off speed adjusted to maintain 
film thickness constant, there is an increase in the cool- 
ing time at the same freeze-line-distance and so an in- 
crease in crystallisation haze. 

The variation of film haze with output and blow ratio 
rate is illustrated for a particular polyethene in Figure 3. 

The effects of bubble cooling arrangements—From 
the foregoing it follows that film of low haze can be 
produced by adjusting the cooling conditions to minimise 
the effects of extrusion and crystallisation irregularities. 
This may be achieved by providing slow cooling near the 
die so as to allow the most rapid decay of the extrusion 
irregularities, and then following this by rapid quench 
at or near the freeze line to reduce the size of the 
crystallisation irregularities. Techniques involving the use 
of an annealing chamber between the die and the point 
where the air strikes the bubble give the required slow 
cooling process near the die and a fairly rapid quench 
at or near the freeze line, and though other factors such 
as bubble stability have to be taken into account when 
designing the optimum cooling arrangements, there is no 
doubt that major effects can be achieved in this way. 

A passing reference should be made here to the ex- 
cellent optical quality of flat film made by the chill roll 
casting technique. In this process heat is removed from 
the molten film far more efficiently than in the air cooled 
tubular process with the attendant problem of bubble 
control. A very high extrusion temperature can there- 
fore be used so ensuring that the molten film has a 
surface substantially free from any form of extrusion 
irregularity. The final rapid quenching of the melt to 
form a solid film ensures minimum crystallisation de- 
fects. 


Effects of Density and Crystallisation 
Characteristics 


In generai the minimum of the characteristic curve 
moves to shorter freeze-line-distances as the density of 
the polythene is increased, so that percent haze may be 
found to increase with increasing freeze-line-distance in 
the normal operating region. With polythenes of the 
same density but having different crystallisation rates, 
the minimum of haze occurs at lower freeze-line-dis- 
tances for the sample crystallising more rapidly. 


Effect of Melt Flow Behaviour on Film Haze 

It has already been said that extrusion defects are 
predominantly responsible for the haze of film made 
from low and intermediate density polythenes giving 
the required medium or high level of toughness. It will 
be recalled that tubular polythene film suffers from two 
types of extrusion defect or surface irregularity. The 
first, which we call “extrusion haze”, is a very fine sur- 


124 


\4 
°/, HAZE 


3.0 345 


Figure 3. Variation of haze of film made from polythene A 
(0.925/4.0) with blow ratio and output rate 


face irregularity (see Figure 1b); the second is large 
scale gross irregularity which is commonly called 
“orange-peel” or “apple-sauce” (Figure la). It is tempt- 
ing to associate these defects respectively with mattness 
and distortion on monofilament. These are well-known 
defects (1, 2, 3) which occur with increasing output 
rate and may be described as: A surface roughness or 
mattness which is a high frequency surface irregularity 
occurring On an otherwise uniform extrudate and a dis- 
torted extrudate which has been described as turbulent, 
wavy, knobbly, or bamboo-like. 

The problem of mattness has not been investigated as 
fully as has that of distortion (turbulence) but it is 
practically independent of the included die entry angle 
over the range 20°-140°; the effect of die length is not 
so certain, however, although most polythenes appear 
to show a decrease in mattness with a decrease in die 
length and an increase in die entry angle up to about 
20°. Recent work indicates that with at least some 
polymers mattness occurs at a critical linear extrusion 
velocity through the die irrespective of the shear rate 
or shear stress. 

It is on the other hand well-proven that distortion 
or turbulence is a die entry phenomenon, and, for a 
fixed die geometry, occurs at a critical shear stress or 
rate of shear. 
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Figure 4. Variation of orange peel of films extruded from 
polythene (.930/4.0) through various die profiles 


Variation of die geometry, i.e. die land length and 
die entry angle, is therefore a convenient way to study 
the occurrence of “extrusion haze,” and “orange peel”. 
However, there is a practical difficulty as it is well-known 
that polymers may be modified through being “worked” 
(i.e. subjected to high shear stresses in the melt). For a 
given extruder, the degree of working achieved on the 
screw is affected by the die design, as this largely con- 
trols the back pressure, i.e. the pressure the screw has 
to develop to force polymer through the die at the re- 
quired output rate. Alterations to die design may thus 
affect the quality of the extrudate in two ways, first by 
providing a different flow path for the polymer and 
second, and indirectly, by modifying the polymer itself 
through alterations in the degree of shear experienced 
on the screw. When assessing the effect of changes in 
die profile it is therefore necessary to maintain a con- 
stant pressure along the screw by means of a throttling 
device; the effects of such throttling devices, i.e. of ex- 
trusion pressure, have then to be studied separately us- 
ing constant die profiles. A further effect of change of 
die design may be to modify the state of shear of the 
polymer as it is presented to the die and this together 
with the other effects is discussed below. 

Variation of Die Profile—“Extrusion haze” may pos- 
sibly be caused by the relaxation of those molecules most 
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highly sheared at the die/melt interface as the elastic 
melt emerges from the die. Short parallels and wide 
entry angles may, therefore, give minimum “extrusion 
haze”. “Orange-peel” on the other hand is supposed to 
originate from turbulence in the die entry region; a long 
parallel would have the effect of smoothing out distortion 
originating in this region, and as with the effect of die 
entry angle on the critical point during monofilament 
extrusion, a narrow entry angle would be required to 
give film having the least “orange-peel”. 

The effect of die profile on “orange-peel” was illus- 
trated most vividly using an experimental intermediate 
density polythene which gave film with very little “ex- 
trusion haze” and “crystallisation haze”, but with a 
marked tendency to “orange-peel”. From the photo- 
graphs in Figure 4 it can be seen that the intensity of 
“orange-peel” varies as would be expected if it is re- 
lated to turbulence, that is, it increases with decreasing 
die parallel length and also, to a lesser extent, with 
increasing die entry angle. 

Further experiments varying die parallel length and 
die entry angle using other types of polythene have given 
more complex results as, for example, in Table 1. 

These results may be tentatively explained by suppos- 
ing that “orange-peel” and “extrusion haze” may oc- 
cur together and in a manner not readily distinguished 
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Table 1. Variation in the Haze of Several Polymers When Extruded 
Through Dies of Various Design 


Die % Haze % Haze 
parallel ; Extrusion Die entry angle Extrusion Die entry angle 
Polymer length temperature degrees temperature degrees 
(density/M.F.1.) inches . 6 13 33 “¢. 6 13 33 
0 11.3 106 103 9.4 8.4 
(0.925/4.0) 3/8 135 5 9.0 8.4 170 7.3 Eid 6.7 
3/4 10.9 8.9 7.8 7.8 7.0 6.6 
D 0 16.0 igs 
(0.920/1.0) 3/8 180 10.8 14.4 205 10.7 
3/4 TOM 11.6 119 
E 0 9.5 
(0.917/2.0) 3/8 155 a1 
3/4 : 75 7.4 
F 0 12.5 15:2 8.8 7.6 
(0.917/7.0) 3/8 135 11.6 160 6.9 
3/4 9.6 6.9 


by the naked eye. The separate contributions made to 
the measured haze by “orange-peel” and “extrusion 
haze” are considered in Figure 5a. Looking first at the 
contribution which “orange-peel” or distortion makes to 
the measured haze, it can be seen that distortion in- 
creases as the die entry angle widens and decreases as 
the die parallel is made longer. On the other hand, we 
suggest that the contribution of mattness to the 
measured haze decreases as the die entry angle widens 
and increases slightly as the die parallel length is in- 
creased. Summing these opposing effects the graph of 
Figure 5b is obtained which is in fact derived from 
the data in Table 1 for one particular polymer. 

The precise effects of these variations in die profile 
will, of course, depend upon the flow properties of the 
particular polythene being used, and upon the relative 
response of “extrusion haze” and “orange-peel” to both 
die parallel length and die entry angle; there will in 
fact be an optimum design, i.e., one which will produce 
film with the best optical properties, for each type of 


ORANGE PEEL 
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polythene. Over and above these extrusion defects, the 
final optical properties will also be influenced by any 
crystallisation effects. 

The effects of the shear history of the melt—The well- 
known effect of improving the optical properties of 
film by modifying the polymer itself through alterations 
in the degree of shear experienced on the screw is illus- 
trated by the data summarised in Table 2 for the low 
pressure die. In this case a throttling device, situated 
at the end of the screw, was used to vary the pressure 
developed along the screw. 

The existence of another effect of equal importance 
may be best illustrated by the occurrence of the well 
known memory lines, which originate where the melt 
has rejoined after being divided by, for instance, the 
webs which are so often used to support the central 
mandrel or torpedo, The melt which has flowed around 
a web is sheared to a greater extent than that on either 
side of it, and as molten polythene takes a finite time 
to relax completely to a normal unoriented state after 


DIE 
ANGLE (DEGREES) 


DIE 
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(INCHE 


6° 13° 33° 
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Figure 5 (a and b). Effect of die parallel length and die entry 
angle on film haze 
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being sheared, the die is presented with a non-uniform 
melt; in the regions of non-uniformities the film is 
clearer. 

Any special design feature of the die which alters 
the state of shear of the melt presented to the die entry, 
such as a restriction, will have a similar effect. This is 
illustrated by the data summarised in Table 2 for the 
high pressure die. In this die, which had an entry angle 
and parallel length similar to that of the low pressure 
die, the extrusion pressure was developed within the 
die itself at spiralling and constrictive overlapping flow 
channels designed to eliminate memory lines from 
previous divisions of the flow path. 

This substantial improvement in the optical proper- 
ties of film produced from high pressure dies is well- 
known, and because of this improvement as well as the 
improved thickness tolerance obtained with them there 
is an increasing tendency to use such dies. These effects 
do illustrate however, further practical difficulties in 
isolating the effects of any individual section of the 
die; for instance, a long parallel might also be expected 
to produce similar oriented flow and so clearer film. 


MECHANICAL PROPERTIES—EFFECT 
OF EXTRUSION VARIABLES ON 
MECHANICAL PROPERTIES OF 

POLYTHENE FILM 


Measurements of the tear and tensile strengths have 
always been used as an indication of the mechanical 
strength of tubular polythene film. In recent years ex- 
perience has shown that some form of impact test to- 
gether with a tear test gives a working assessment of 
the toughness and durability necessary in the extensive 
produce prepacking, building and agricultural appli- 
cations. The mechanism of the impact failure of poly- 
thene film and the various types of tests which have 
been used to measure impact strength have been dis- 
cussed and classified in a previous article (4), the salient 
features of which are summarised briefly below. 

Under impact loading conditions, as for instance in a 
dropping sand-bag test, a slit-like failure may occur 


Table 2. The Effect on Film Haze of 
Extrusion Pressure Varied Using a Throttle or 
Unthrottled High Pressure Die 


Film Haze % 


Pressure (increased using throttle in H.P. 


L.P. die) p.s.i. 
Polythene on die) p.s.i 


(density/MF1) 700-1100 2000-2500 4000 3900-4400 


F. (.918/7.0) 15.3 10. 8.6 po 
1. (.920/2.0) 12.9 11.5 10.5 7.2 
E. (.922/2.0) 7.0 6.8 6.3 3.8 
A. (.925/4.0) 12.5 8.4 7.6 5.0 
G. (.929/8.0) 6.3 5.9 3.9 4.8 
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along the machine direction, either in the body of the 
film or more probably down one of its edge folds. Such 
failures, usually termed “brittle”, are in fact “localised 
high-temperature shock failures” caused by the pro- 
duction of a sharp neck in the transverse direction and 
subsequent failure of the necked portion at a low over- 
all elongation. This localised failure is caused by the 
adiabatic temperature rise that occurs in the neck. The 
magnitude of this temperature rise, which may be as 
high as some tens of degrees Centigrade, depends on 
the shape of the neck developed. This in turn depends 
on the orientation and the density of the film; an in- 
crease in either of these will lead to an increase in the 
sharpness of the neck, hence to a higher neck temper- 
ature during rapid deformation and consequently to a 
greater likelihood of failure. A simple if indirect measure 
of neck sharpness is the natural draw ratio® of the film 
determined in the transverse direction, and a good cor- 
relation exists between this and the impact strength of 
film (4). 

A neck is rarely if ever formed when drawing in 
the machine direction and impact failure normally fol- 
lows necking in the transverse direction to give a slit 
in the machine direction; with film made under condi- 
tions giving a very high impact strength, on the other 
hand, failure occurs randomly and sometimes circularly. 


Definition and Measurement of the Mechanical 
Properties of Film 


Impact strength-We have measured the impact 
strength using the well-known dropping dart test de- 
veloped by the Monsanto Chemical Company (5). The 
quantity used to assess the impact strength is the 
weight of the dart at which 50% of the samples tested 
fail, ice. Fy. In service, the region of practical impor- 
tance is less than 1% failure (F,) and a limitation of 
F, is that films with the same F;, value can have quite 
different F, values. A further limitation is that the most 
likely point of failure is along one of the edge-folds 
rather than in the face of the film. The impact strength 
of an edge-fold can be determined using the same equip- 
ment but placing the edge-fold to one side of the point 
of impact so as to pass through the region of maximum 
stress around the head of the dart at the moment of 
impact. 

Tear strength—The tear strength was determined by 
using a method similar to the well-known Elmendorf test, 
and like tensile strength is measured in both the ma- 
chine and transverse directions. The tear in the specimen 
is initiated with a small slit and the specimen is stretched 
and cold drawn to the breaking point everywhere along 
the line of the tear. The numerical value quoted is a 
measure of the work done in propagating this tear and 
this depends upon the geometry of the sample and its 
elongation to break. These two quantities together con- 
trol the amount of film drawn during the tearing process. 

A limitation of the Elmendorf type test is that the tear 
is free to run towards or along the weakest line, which 
is generally in the transverse direction. The length of 
the tear is thus variable, particularly if initiated in the 


© The natural draw ratio is the ratio of the cold drawn length of a 
specimen to its original length. 
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machine direction, and will affect the energy absorbed 
ie. the measured tear strength. Thus the interpretation 
of this test is not straightforward; it has nevertheless 
proved of some value in assessing the likely durability 
of film in service. 

Tensile properties—The tensile data were determined 
on conventional equipment at an extension rate of 12 
inches per inch per minute. The tensile strength at 
break gives no information about serviceability; in spite 
of this it is a property often discussed. Elongation at 
break, like impact and tear strength, is affected by the 
way in which a neck develops after yield; it is therefore 
broadly related to these other mechanical properties. 

Characteristic relationship between tear strength, im- 
pact strength and elongation at break—The exact rela- 
tionship between these properties is undoubtedly com- 
plex, but all three depend significantly on the way in 
which polythene film draws when strained at different 
rates. The following discussion is over-simplified but may 
provide a useful working hypothesis. 

The elongation of polythene film can take place either 
uniformly, as when the elongation to break is low, or 
through a neck. As the sharpness of the neck increases so 
does the draw ratio and, up to a limit, the elongation to 
break. If the neck becomes too sharp and the draw ratio 
(measured at a low testing speed) too great, the elonga- 
tion to break of the sample drops to a low value. This is 
because failure occurs at the neck almost as soon as it 
initiates and before the bulk of the sample can cold 
draw. The type of failure is, in fact, identical with the 
“localised high-temperature shock failure” discussed pre- 
viously. 

A low draw ratio in the transverse direction favours a 
low tear strength in the machine direction, i.e. when the 
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Figure 6. Characteristic relationships between tear and im- 
pact strengths and elongation at break 
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Figure 7. Variation of impact strength with blow ratio and 
output rate—polythene A (0.925/4.0) at A F.L.D. of 18” 
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tear runs along the machine direction and the specimen 
is therefore stretched to break at a low elongation in the 
transverse direction. This same low draw ratio would, 
however, give a high impact strength (4); in the extreme 
case of low draw ratio one has the high impact and low 
tear strength of planar oriented films. A generalised 
sketch of this inverse relationship between impact 
strength and machine direction tear strength is given in 
Figure 6, in which both are plotted against transverse 
draw ratio, though they could equally well be plotted 
against an extrusion variable, transverse draw ratio de- 
creasing as the blow ratio increases. 

The left hand limb of the tear strength curve corre- 
sponds to tough tears and the right hand limb to tears 
that are becoming localised adiabatic heating failures. 
This latter is the type of failure that occurs during im- 
pact testng and the difference in position of the two 
curves along the draw ratio axis arises from the marked 
difference in testing rate involved; the tear test is much 
slower. The curve for elongation to break in the trans- 
ver» direction is similar in shape to the tear strength 
curve, increasing with draw ratio before finally falling 
fairly sharply to a low value. The maximum of this curve 
lies at the highest draw ratio as tensile testing is carried 
out at the slowest speed. The shaded portion of Figure 6 
covers the range of draw ratios normally found in the 
transverse direction. The draw ratio in the machine di- 
rection is, by contrast, either equal to unity (i.e. no neck 
forms at all) or low and thus the resulting tear strengths 
in the transverse direction are never very high; these are 
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Figure 8. Variation of tear strength with blow ratio and output 
rate—polythene A (0.925/4.0) at A F.L.D. of 14” 
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also less influenced by extrusion conditions. The relative 
levels of machine and transverse direction tear strengths 
are in fact shown in Figure 8. 


Factors Affecting Orientation and Effect of 
Extrusion Variables on Orientation 


There is little doubt that orientation is the major factor 
controlling the mechanical properties. There are three 
sources of stress imposing orientation during blown film 
formation: — 


(a) the shear stress causing flow of the visco-elastic 
melt through the die. 

(b) the circumferential stress arising from the blowing 
process. 


(c) the longitudinal stress applied by the nip rolls. 


Orientation arising in the die is small compared with 
that from melt drawing and does not directly influence 
the orientation finally frozen into the film; its importance 
lies in that it may affect the way in which the melt 
draws. 

In the blown tubular process, using the normal blow 
ratios of between 1.5 and 3:1 a large draw down in the 
machine direction is required to produce film 0.0010- 
0.0015 in. thick from a die with an annular gap of be- 
tween 0.015 and 0.040 inch; for example, film 0.0015 
in. thick made at a blow ratio of 2:1 from a die with an 
annular gap of 0.030 in. will be drawn down in the ma- 
chine direction in the ratio 
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Figure 9. Variation of tensile strength with blow ratio and 
output rate—polythene A (.925/4.0) at A F.L.D. of 14” 
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Figure 10 (a and b). Variation of bubbie shape with extrusion conditions 
a. Low output, low F.L.D. impact strength 99g. 
b. High output, low F.L.D. impact strength 187g. 


die gap 0.030 0:1 
film thickness x blow ratio 0.0015x2 


compared with the 2:1 ratio in the transverse direction. 
It therefore appears at first sight that machine direction 
drawing, and therefore orientation, will predominate in 
any normal blown film process; hence the familiar slit- 
like failure in the machine direction under impact load- 
ing conditions. That this is not necessarily so will be 
seen. 


Effect of Extrusion Variables on 
Mechanical Properties 


It is well known that the effect of decreasing the longi- 
tudinal or machine direction orientation by increasing the 
lateral blow ratio is to increase the impact strength and 
to alter the ratio of the tear and tensile properties in the 
machine and transverse directions; however, as far as the 
authors are aware no comprehensive study of the effect 
of other extrusion variables has been described. Figures 
7, 8 and Q illustrate the impact, tear and some tensile 
properties of films produced over a wide range of blow 
ratios and output rates, the haul-off speed being varied 
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to maintain a constant film thickness of 0.0015 in. The 
expected trends of these properties with blow ratio are 
immediately discernible. However, in addition, a general 
and unexpectedly large effect of output rate is also re- 
vealed. 

An important effect of increasing the output rate at a 
constant freeze-line-distance is to alter the shape of the 
bubble; this change is illustrated in the photographs re- 
produced in Figure 10. It follows that the drawing be- 
havior in the melt must have changed, and so the 
growth of the bubble below the freeze line was studied 
photographically; the order in which transverse and ma- 
chine direction drawing occurred could then be calcu- 
lated respectively from the profile of the bubble and 
from the changes in velocity between the die and the 
freeze line. 

It was found that in the production of film having low 
impact strength, e.g. at low output rates, the shape of the 
bubble was basically similar to that of Figure 10a, and 
that both transverse and machine direction drawing oc- 
curred uniformly, with the latter predominating through- 
out, (Figure 1la). However, at the high output condi. 
tions giving film of higher impact strength, the order in 
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Figure 11. Variation of machine and transverse direction draw- 
ing with extrusion conditions 


which transverse and machine direction drawing oc- 
curred changed, so that transverse drawing predomi- 
nated in the region just before the freeze line, (Figures 
10b and 

The main criteria affecting the mechanical properties 
of tubular film are therefore not only the relative magni- 
tude of the transverse and machine direction drawing 
between the die and the freeze line but also the order in 
which they occur. This is not altogether surprising be- 
cause the relaxation times of molten polythene are com- 
paratively short and most of the orientation imposed 
early in the drawing process will be forgotten. The most 
likely orientation to be frozen and retained in the film 
as well as the consequential crystallisation behaviour, are 
determined by the orientation existing in the melt at or 
just before the freeze line. 

Any residual drawing occurring through the freeze 
line will also be of considerable importance, as the final 
crystalline structure will depend markedly on the condi- 
tions obtained during the period of its growth. That such 
drawing can occur in both directions after the first ap- 
pearance of haze—indicating the growth of crystallites 
or crystalline aggregates to a size which scatters visible 
light—is well known. And indeed it is interesting to 
speculate whether the increased residual drawing that 
must occur in this region when operating at higher out- 
puts, and thus at high bubble pressures, is a major fac- 
tor in producing film of higher impact strength. 


Some Factors Affecting Drawing Behaviour 
Between Die and Freeze Line 


The bubble shape and so the mechanical properties of 
the film produced are affected significantly by the tem- 
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Table 3. The Effect of Raising the Air Cooling 
Ring on the Impact Strength of Film Made at a 
Constant Freeze Line Distance 


Impact Strength 
Fx 
Position of Cooling Ring (gm.) 
Normal position near die 72 
Raised 2” 78 
Raised 3 Y2” 96 


perature gradient between the die and the freeze line 
and therefore by the particular cooling arrangements 
used. The effect cooling arrangements have in modifying 
the bubble shape and producing film of higher impact 
strength is illustrated by the results in Table 3; this was 
obtained by increasing the distance between the die and 
the point at which the cooling air stream strikes the 
molten bubble and at the same time increasing the flow 
of air to maintain a constant freeze-line-distance. As in 
the control of optical properties, however, factors such 
as bubble stability must also be considered in designing 
such equipment. 


Variation of Orientation, Birefringence and 
Impact Strength 


A description of the type of orientation generally 
found in tubular polythene film has been discussed in 
detail by Holmes and Palmer (6). Briefly, there is a 
cylindrical symmetry about the machine direction, and 
the b axes of the crystallites are preferentially oriented 
in a plane perpendicular to this direction, (Figure 12a). 
Depending on the extrusion conditions the angle « made 
by the chain axes of the crystallites (c axes) may vary so 
that @ increases with, for instance, an increase in blow 
ratio. 


The measured birefringence is influenced both by the 


average value of the angle a and by the dispersion or 
distribution of orientation (8) about this value; in the 
films previously examined and discussed by Holmes and 
Palmer this dispersion remained substantially constant. 

Figure 12b shows the variation of birefringence and 
impact strength of films of constant thickness made at 
constant freeze-line-distances and haul off rate, the out- 
put rate and blow ratio increasing together. It can be 
seen that there is no correlation between birefringence 
and impact strength. However, X-ray diffraction data 
showed that the initial decrease of birefringence resulted 
primarily from an increase in a, the average angle of tilt 
of the c¢ axes to the machine direction. And at the mini- 
mum and thereafter this angle of tilt remained substan- 
tially constant but the distribution of orientation about 
this angle increased; this increase of dispersion initially 
results in an increase of birefringence, but ultimately 
birefringence must decrease as the orientation becomes 
more random. It seems logical that the impact strength 
should increase under these conditions, particularly as 
the distribution of orientation is widening, until a ran- 
dom configuration is obtained. 
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Figure 12 (a and b). 


Birefringence and impact strength of 


films made from polythene A (0.925/40) 


In none of these samples was there any evidence of a 
significant change of orientation in the amorphous re- 
gions or of a significant amount of planar orientation. It 
is interesting to note, however, that more recently sam- 
ples of film made under normal extrusion conditions 
from some experimental polythenes have shown some 
planar orientation. 


Discussion 

Various facets of tubular polythene film formation, and 
the criteria determining some important properties of 
the film produced, have been briefly reviewed above and 
these amply illustrate the complexity of this process; it 
has been seen that all the important mechanical and 
optical properties are closely related to all the processing 
conditions and the fundamental properties of the poly- 
thene. In the available space and time it has been possi- 
ble to mention only briefly some of the salient features 
of film formation and much detail has of necessity been 
omitted. 

Many aspects have to be taken into account by the 
polymer manufacturer in designing a film grade and by 
the very nature of polythene this frequently means that 
compromises have to be made; an example of this is the 
development of intermediate density polythenes, for 
which the flow properties have been adjusted to give 
high clarity film and the density increased at a sacrifice 
of toughness to give the required non-blocking charac- 
teristics. Thus there has been a growing use of additives, 
which have not been discussed and which can affect 
processing behaviour, to give further flexibility. It has 
been seen, however, that the interaction with the extru- 
sion equipment is also very important and each type of 
polythene requires a certain different combination of 
processing conditions on each type of extrusion equip- 
ment in order to achieve the optimum film properties. 
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That much can be achieved by adjustment of extrusion 
conditions and design of equipment has been shown, 
but there is undoubtedly still great scope for further re- 
search. 
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Effect of Gamma Radiation 
on Chemical Structure 
of Plastics 


V. J. Krasnansky, B. G. Achhammer, and M. S. Parker 


Plastics Section, 
National Bureau of Standards, Washington, D.C. 


T his article gives the order 
of stability of plastic films to radiation. 
Analysis of the products of polymer degradation 
suggest a close relationship between structure— 
branches and side chains— 
and stability to radiation 


he stability of polymers on exposure to ionizing radi- 

ation has been studied extensively (1) and several 
attempts to correlate relative stability with chemical 
structure of polymers have been made (2, 3, 4). Such 
data are necessary to insure proper use of polymers in 
applications involving exposure to ionizing radiation. 

This article reports on a study of the effects of Co-60 
gamma radiation on the chemical structure of certain 
plastics. This study was part of a program to determine 
the utility of plastics as packaging materials in the high 
energy radiation preservation of food (5-10). Plas- 
tics films were considered because they provide flexi- 
ble and transparent packaging materials. The effects of 
radiation on specific physical properties, such as tensile 
strength, elongation, and flexibility, have been studied 
previously by Sisman and Bopp (11). The materials 
chosen for this work were representative of various types 
of chemical structures. A previous study (12) is coordi- 
nated with this to present an evaluation of a wider spec- 
trum of chemical structures. 

The plastics films were exposed to Co-60 gamma radi- 
ation to a total dosage of 6 megarads, the suggested food 
sterilization dosage, and to other dosages for particular 
materials. The exposures were conducted in air and in 
vacuo. The gaseous products evolved as a result of the 
exposures were analyzed by mass spectrometry. Infrared 
spectrophotometry was used to detect any chemical 
structural changes. 
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Materials 

The plastics materials used in this study and their 
structural formulas are given in Table 1. 

All of the materials were obtained from commercial 
sources and were studied in film form except the poly- 
carbonate which was studied only in powder form. 

A 2500 curie Cobalt-60 gamma source at the National 
Bureau of Standards was used for all irradiations. This 
source, which is of the “swimming pool” type, was de- 
scribed in a previous paper (12). Dose rate was ap- 
proximately 0.27 megarads per hour. 


Procedure 


The plastics films were cut into strips 3 inches wide, 
rolled up and inserted into glass tubes fitted with a 
break-off tip for mass spectrometric analyses. The speci- 
mens were evacuated to a pressure of 10° mm Hg for 
five days and then sealed off. The specimens which were 
to be irradiated in air were similarly evacuated to remove 
volatile impurities. The exposure tube was then filled 
with air at atmospheric pressure prior to sealing. To test 
the evacuation procedure the concentration of occluded 
gases in polyethylene films was measured. Samples of 
commercial polyethylene containing antioxidant were 
evacuated for three and five days and then fused in a 
xylene reflux bath at 137°C for four hours. The evolved 
gases were collected for analysis by mass spectrometry. 
Approximately 3 x 10% moles of air per gram of sample 
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Table 1. Plastic Films Studied 


Type and Composition Chemical Structure Thickness inch 


A. POLYESTERS 


1. Polyethylene Terephthalate (I) H 0.0005 
2. Polyethylene terephthalate | | || || 0.0005 
| 
H H 
n 
3. Polyethylene terephthalate H H (e) O H H O O 0.0005 
and polyethylene isoph- || \| | || 
| | | 
HH HH 
n n 


B. POLYOLEFINS 


1. Polyethylene (density H 
— 0.955) [— 


3. Polypropylene CHs 0.002 


2. Polyethylene (density HH 0.0015 
— 0.914) 


C. POLYAMIDES 


1. Hexamethylenediamine fe) O #H H 0.001 
and adipic acid, 66 


—C— —C—N— —N— 
(CH), 
n 
2. 11-amino undecanamide 0 0.0017 
H | 
—C— —C—N— 
H (CH), H 
n 
3. Meta-xylylenediamine fe) 0.001 and 
and adipic acid, MXD-6 H H H H 0.0015 
(CH:), H H 
n 
D. MISCELLANEOUS 
1. Chlorinated Polyether CHCl 0.002 
H H 
—C—C—C—O— 
4 
CH.CI 
n 
2. Polyacetal H 0.010 
H 
n 
3. Polycarbonate CHs e) 0.0015 
| 
CH, 
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was obtained from the specimen evacuated for three 
days while no gas was detected after five days evacuation. 

After irradiation the gases evolved from the specimens 
were analyzed by mass spectrometry. The irradiated 
films were then examined by infrared spectrophotometry 
and the results were compared with those obtained with 
unirradiated films to determine the effects of the irradia- 
tion on the chemical structure of the films. 

The magnitude of the errors inherent in these experi- 
ments was reduced by using specimens of approximately 
the same geometry, mass, and thickness. Errors intro- 
duced by diffusion of gases through the films were con- 


sidered negligible. 


Mass Spectrometer Analysis 


The gas analyses were made on two Consolidated mass 
spectrometers at the National Bureau of Standards. The 
results are given in Table 2 in mole percent. Traces of 
water in the products evolved from the specimens irradi- 
ated in vacuo are not included in the results. 

Although efforts were made to maintain the mass and 
geometry of the specimens constant, different size speci- 
mens were used in several instances. The irradiation of 
eight rolls of polyamide 66 film, ranging in height from 
0.5 to 3 inches and in weight from 0.1 to 3.6 grams, 
showed that the total amount ‘of gas evolved per gram of 
sample as a result of a total dosage of 6 megarads was 
independent of the geometry and the size of the speci- 
mens used in this study. 

The stability of the films was judged on the basis of 
total number of moles of gas evolved per gram of speci- 
men ‘exposed to the radiation in vacuo. It was assumed 
that the film giving the least amount of gas was che most 
stable. Undoubtedly this criterion of stability would not 
be satisfactory for many applications. For a better under- 
standing of chemical changes occurring in an irradiated 
polymer and their relationship to stability, however, a 
knowledge of the amount and nature of gases evolved is 
necessary. 

The materials given in Table 3 are arranged according 
to the total amount of gases evolved. The first eleven 
materials evolved an amount of gaseous products less 
than five micromoles per gram sample as a result of 
irradiation: Polyamide MXD-6, polyester I, polyester III, 
polymonochlorotrifluoroethylene, polystyrene, rubber hy- 
drochloride, chlorinated polyether, polyamide 11, poly- 
amide 66, polycarbonate, and polyester II. The value of 
five micromoles was selected arbitrarily and should not 
be considered as having any special scientific signifi- 
cance. On the basis of this study these materials are sug- 
gested for primary consideration as packaging of foods 
for high energy radiation preservation. The remainder 
of the materials in Table 3 are considered less stable 
because of greater evolution of gaseous products, al- 
though they may be quite acceptable for the application. 

Selected polymers were irradiated to 36 and 3 mega- 
rads to study the effect of total dosage on the degrada- 
tion mechanisms. The analyses of gases evolved are given 
in Tables 4 and 5 in mole percent. Four polymers: poly- 
amide MXD-6, polyamide 66, polyamide 11, and poly- 
ester III were irradiated to a 36 megarad dosage. The 
order of stability is polyamide MXD-6, polyester III, 
polyamide 66, and polyamide 11. The total number of 
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Table 2. Mass Spectra of Gaseous Products 
Evolved on Exposure to 6 Megarads of 
Gamma Radiation in 


PART A—POLYESTERS 


Material Polyester! Polyester Polyester Il! 
Products Mole Percent 
Carbon Dioxide 56.3 82.0 24.0 
Hydrogen 33.5 18.0 60.0 
Butene 4.6 
Pentene 1.6 
Methyl! Chloride 4.0 
TOTAL 100.0 100.0 100.0 
PART B—POLYOLEFINS 
Polyethylene Polyethylene Poly- 
Material High Density Low Density propylene 
Products Mole Percent 
Carbon Dioxide 3.0 1.0 1.0 
Hydrogen 92.0 91.0 95.0 
Carbon Monoxide 5.0 1.0 1.0 
Butene 1.5 
Ethane — 2.0 
Methane — — 3.0 
TOTAL 100.0 100.0 100.0 
PART C—POLYAMIDES 
Polyamide Polyamide 
Material MXD-6 Polyamide 11 66 
Products Mole Percent 
Carbon Dioxide 16.0 1.0 5.0 
Carbon Monoxide 16.0 29.0 24.0 
Hydrogen 68.0 66.0 71.0 
Methane 4.0 
TOTAL 100.0 100.0 100.0 
PART D—MISCELLANEOUS 
Chlorinatea 
Material Polyether Polyacetal Polycarbonate 
Products Mole Percent 
Carbon Dioxide 8.7 69.0 32.5 
Hydrogen 85.8 5 
Carbon Monoxide — — 66.0 
Methyl Chloride 3.8 
Methanol 2.0 
Methane — 15.0 
Butene 1.4 
Dimethyl Ether — 6.5 — 
Pentene 0.3 
TOTAL 100.0 100.0 100.0 


micromoles of product per gram sample is 1.7, 17, 28, 
and 56, respectively. It was quite evident that polyamide 
MXD-6 was much more stable than the others at the 
higher dosage and that the general order of stability ob- 
served after 6 megarads dosage was retained. 

Polyamide 66, and polyethylenes of low and high dens- 
ity were irradiated for a total dosage of 3 megarads. The 
mole percents of gases evolved are given in Table 5. 
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Table 3. Order of Stability of Plastics Films 
to Gamma Radiation’ 


Below 1 micromole 


1-5 micromoles 


5-10 micromoles 


10-15 micromoles 


10-20 micromoles 


Polyamide MXD-6 

Polyester | 

Polyester III 
Polymonochlorotrifluoroethylene” 
Polystyrene” 

Rubber hydrochloride” 


Chlorinated polyether 
Polyamide 11 
Polyamide 66 
Polycarbonate 
Polyester II 


Polyvinylidenechloride |" ° 


Polyethylene-coated Polyester” 
Polyvirylidene chloride II" 


Polyethylene (high density)" 


Polyethylene (low density)" 
Polypropylene 


Above 50 micromoles = Polyacetal 


*The order of stability is based on total pressure of gaseous 
products evolved on exposure in vacuum to 6 megarads of gamma 
radiation. The materials are arranged alphabetically in each range 
of pressures expressed in terms of number of micromoles per gram 
sample. No significance should be attached to the order of the mate- 
rials in each pressure range. 

» Data from reference 12 corrected for 6 megarad total dosage. 

© Poly(vinylidene chloride) | and !!| each supplied by a different 
manufacturer, 

4 Data from this study and from Reference 12 corrected for 6 
megarad total dosage. 


The relative order of stability was the same as that ob- 
served at the 6 megarad dosage. The polyamide was 
more stable than the polyethylenes, producing 2.7 micro- 
moles of gaseous product as compared to 8.2 and 8.3 
micromoles of gaseous product from high density and 
low density polyethylenes, respectively. 

The gases evolved from irradiated polyesters were 
principally hydrogen, carbon dioxide, and carbon monox- 
ide. The methyl chloride and alkenes evolved from poly- 
ester I may be due to additives or impurities in the sam- 
vle. The hydrogen chloride observed in the gases evolved 
from polyester III is believed to result from the break- 


Table 4. Mass Spectra of Gaseous Products 
Evolved from Plastics Films on Exposure to 36 
Megarads of Gamma Radiation in Vacuum 


Table 5. Mass Spectra of Gaseous Products 
Evolved from Plastics Films on Exposure to 3 
Megarads of Gamma Radiation in Vacuum 


POLY- 


ETHYLENE ETHYLENE 
POLYAMIDE (HIGH (LOW 

MATERIAL 66 DENSITY) DENSITY) 

PRODUCTS MOLE PERCENT 

Carbon Dioxide 3.0 3.0 3.0 
Hydrogen 71.0 90.0 91.0 
Carbon Monoxide 26.0 6.5 —s 
Propane 0.5 
Ethane — — 2.0 
Ethene — — 1.5 
Total 100.0 100.0 100.0 


down of the coating on this material. The polyesters used 
in this study are aromatic esters and thereby have ap- 
preciable stability because of the energy sink of the 
phenyl group. 

Hydrogen gas was the predominant volatile product in 
the irradiation of polyethylenes, followed by carbon di- 
oxide, carbon monoxide, and in the case of the low dens- 
ity polymer, light hydrocarbons. The oxides may be a 
result of oxidation of the polyethylene prior to the ir- 
radiation. 

The branches or side groups of polypropylene may 
be susceptible to cleavage by high energy radiation and 
this may account for the methane evolved and the ab- 
sence of other light hydrocarbons in the gases evolved 
on irradiation of polypropylene. 

The gases evolved from irradiated polyamides were 
predominantly hydrogen with relatively smaller varying 
quantities of carbon monoxide and carbon dioxide. The 
latter products may be a result of main chain fragmenta- 
tion. 

Lawton, Bueche, and Balwit (13) reported that nylon 
is crosslinked by ionizing radiation. Additional work in 
this laboratory extends this view to polyamide MXD-6. It 
was observed that polyamide MXD-6 upon exposure to 
cobalt-60 gamma radiation in vacuum to a total dosage 


Table 6. Oxygen Absorbed as a Result of 6 
Megarads Irradiation of Plastics Films in Air 


POLY- POLY- MATERIAL 
AMIDE ESTER AMIDE AMIDE 
MATERIAL MXD-6 WW 66 11 Air (Control) 
PRODUCTS MOLE PERCENT Polyester | 
Carbon Dioxide 25.0 20.0 1.5 0.5 
Hydrogen 75.0 63.0 82.5 75.0 Polyethylene (Low Density pe 
Carbon Monoxide 16.0 225 Chlorinated Polyether 
Methane ae 30 oe 20 Polyamide 66 5.50 
 — 14.0 Polyethylene (High Density) 5.66 
Polyacetal 8.82 
Polyamide 11 11.84 
Total 100.0 100.0 100.0 100.0 Polypropylene 23.16 
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Figure 1. Polypropylene irradiated in air showed a slight in- 
crease in absorption at 5.8 microns—indicative of carbonyl 


formation, and at 2.9 microns—indicative of hydroxyl forma- 
tion 


of 1000 megarads was difficultly soluble in formic acid, 
in contrast to the ease of dissolving an unirradiated sam- 
ple. 

In the irradiation of chlorinated polyether the princi- 
pal product is hydrogen. The methyl chloride and alkenes 
which are evolved suggest cleavage of the side groups 
and main chain, respectively. In polyacetal evolution of 
carbon dioxide, methane and light hydrocarbons suggest 
main chain cleavage. The polycarbonate yielded prin- 
cipally carbon dioxide, carbon monoxide, and relatively 
little hydrogen, suggesting some main chain cleavage. 


Oxygen Absorption 

The extent to which the films, irradiated in air, absorb 
oxygen was studied by the deviation of the ratio of nitro- 
gen to oxygen in the products from the ratio in air. The 
ratios for the specimens irradiated in air are given in 
Table 6. The ratio obtained on a sample of air was 78.3/ 
20.7 or 3.8. The materials exhibiting the greatest devia- 
tion were polypropylene, polyamide 11, and polyacetal 
with ratios of 23, 12, and 8.8, respectively. The others 
had ratios between 3.9 for polyester Il and 5.7 for high 
density polyethylene. 

The significant sorption of oxygen by polypropylene 
may be due to hydroperoxidation at the tertiary carbons. 
The tertiary hydrogens may be removed by irradiation 
and the free radical site then occupied by oxygen to form 
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a peroxide which subsequently abstracts a hydrogen to 
form the hydroperoxide (14). No suitable explanation 
can be given at this time to explain the high oxygen ab- 
sorption by polyamide 11. The polyacetal probably dis- 
sociates into [-CH,O-—] units which are then oxidized to 
formic acid and ultimately to carbon dioxide and water. 
Although water had been subtracted from the mass spec- 
trometric results given in Table 2, it was observed con- 
densed on the walls of the tube containing the irradiated 
polyacetal. 


Infrared Spectrophotometric Analysis 

Infrared spectra of the films were obtained on an In- 
fracord or a Perkin-Elmer Model 21 spectrophotometer. 
The infrared spectra were determined before and after 
irradiation for a total dosage of 6. megarads in air and 
in vacuo to study changes in chemical structure. The 
polyesters, polyamides, polycarbonate, and polyethylenes 
showed no detectable changes. 

A structural change in the polymers should be of the 
order of 2-3 percent before it can be detected by infra- 
red spectrophotometry. Although polyethylene absorbed 
considerable oxygen as a result of a 6 megarad dosage, 
no oxidation was detected. 

Polypropylene showed no change between the unir- 
radiated specimens and those irradiated in vacuo. How- 
ever, polypropylene irradiated in air showed a slight 
increase in absorption at 5.8 microns—indicative of car- 


Figure 2. Chlorinated polyether showed increases in both 
hydroxyl and carbonyl concentration 
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Figure 3. Polyacetal film showed strong carbonyl and weak 
hydroxyl adsorption after irradiation both in air and vacuo 


bonyl formation, and at 2.9 microns—indicative of hy- 
droxyl formation (See Figure 1). The chlorinated poly- 
ether irradiated in air showed increases in both hydroxy] 
and carbonyl concentration (See Figure 2). The poly- 
acetal showed strong carbonyl and weak hydroxyl ad- 
sorption after irradiation both in air and vacuo (See 
Figure 3). No differences were observed between the 
specimens irradiated in air and in vacuo. Presumably the 
carbonyl and hydroxyl formation were due primarily to 
chain sciesion, and not oxidation. 


Physical Observations 

No visible changes in the characteristics of the films 
were observed excep the embrittlement of the polyacetal 
and discoloration of Wg polyamide MXD-6 and 11. All 
films were colorless prid}® to irradiation except the poly- 
acetal which was milky white. Upon irradiation the poly- 
amide MXD-6 turned to a straw color and the polyamide 
11 turned to a very faint yellow at higher dosages. 


Conclusions 

The results of this study indicate that the materials 
most stable to irradiation contain a phenyl group, an 
amide linkage, and possibly chlorine atoms. Five of the 
materials which produced less than five micromoles per 
gram of sample contain a phenyl group. None of the less 
stable polymers contains this group. The addition of an 
amide linkage seems to increase the stability of polymers 
containing the phenyl group. This stability is attributed 
to the ionic character of the amide linkage (15). No ex- 
planation can be offered for the apparent stabilizing ef- 
fect of chlorine atoms in the polymer composition. 
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Inorganic-Organic High Polymers, 
Phenoxyaldehyde Resins of Titanium (IV) 
and Hafnium (IV) 


R. J. Landry and E. H. Bartel 
U.S. Naval Ordnance Test Station, China Lake, Calif. 


This article describes preparation of hafnium and titanium phenoxide 
high-temperature resistant resins. It also suggests the possibility of 
combining such exotic elements as columbium and tantalum into 
copolymers of phenolic derivatives... . 


he Materials Engineering Branch of the Engineering 
Department at U. S. Naval Ordance Test Station 
at China Lake, California, has been evaluating potential 
calorobic materials (1) for the past six years. Approxi- 
mately 200-300 materials have been evaluated by var- 
ious methods. A compression-molded physical mixture 
of titanium carbide, zirconium oxide or zirconium boride 
and CTL-91LD (Cincinnati Testing and Research Lab- 
oratories phenol-formaldehyde resin) gave excellent re- 
sults as the nozzle insert part of a miniature combustion 
chamber, or subcalibre rocket motor (2, 3). A chemical 
combination of either of the above mentioned mixtures 
therefore should produce superior calorobic nozzle ma- 
terials. Feasibility of chemically replacing part of the 
carbon with titanium, zirconium, hafnium or other metals 
in the phenolic resin structure was therefore investigated. 
Titanium phenoxide and zirconium phenoxide (sol- 
vated) have been prepared by Funk and Roglet in 1944 
(4), but hafnium phenoxide has never heretofore been 
prepared. The phenoxides are the intermediate products 
in the reaction process during the formation of phen- 
oxyaldehyde resins. Phenoxyaldehyde resins of zirconium 
(IV), hafnium (IV), tantalum (V) and columbium (V) 
have never heretofore been reported in the literature. 


Hafnium oxide, in the presence of graphite (charred 
areas of phenolic resin binder at the nozzle surface) at 
high temperatures may be converted to hafnium carbide. 
Titanium, zirconium and other metals can be assumed 
to behave in a like manner and the chemical kinetics 
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of these polymers at high temperature will determine 
the calorobic value of the compounds. The hafnium and 
titanium resins of this series have been prepared by the 
U. S. Naval Ordance Test Station, inasmuch as they are 
considered to be the most promising of the series. 


Preparation of Titanium (IV) Phenoxide by 
Double Decomposition 

Titanium phenoxide is prepared by heating titanium 
tetrachloride in the presence of excess phenol. Hydrogen 
chloride gas is evolved as a by-product during the re- 
fluxing operation. The equation for the chemical reac- 
tion is: 


TiCl, + 5C,H,OH > Ti(OC,H;),“C,H,OH + 4HCI 


60 grams of titanium chloride and 400 grams of phenol 
are introduced into a 3 neck resin flask having a con- 
denser attached to one of the necks with a drying tube 
and liquid trap at the upper extremity. The resin flask 
is made in two approximately equal parts, the lower 
part being cylindrical and the upper part hemispherical. 
The upper part, with 3 neck outlets, is joined to the 
lower part by a peripheral flange which is sealed with 
a silicone grease. An aspirator-filter-pump hose attached 
to the liquid trap bottle evacuates the system. All mixing 
operations were conducted in a chamber under dry 
nitrogen atmosphere. Two thermometers were inserted 
in the other two flask necks, one with the bulb dipping 
in the liquid phase and the other bulb exposed to the 
gas phase. The resin flask containing a teflon coated 
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magnetic stirrer rests on a “Thermo-Stir” heater (The 
Scientific Glass Co.). The liquid is refluxed under a 
“ vacuum with the maximum liquid temperature being 
264°F and the maximum gas temperature 195°F until 
the evolution of hydrogen chloride gas ceased. During 
the refluxing operation a reddish-orange precipitate of 
titanium (IV) phenoxide will appear. After the hydrogen 
chloride gas evolution ceased, the precipitate is allowed 
to settle to the bottom of the resin flask and the upper 
layer is decanted. The impure titanium (IV) phenoxide 
crystals are then washed on a Buchner funnel under vac- 
uum with a minimum amount of carbon tetrachloride fol- 
lowed by a rinse with hexane. The purified crystals are 
finally dried in a vacuum to remove the last trace of hex- 
ane. The reddish-orange titanium (IV) phenoxide (sol- 
vated) crystals are soluble in benzene, carbon tetra- 
chloride and carbon disulphide The crystals are slowly 
decomposed by water and converted to a yellow crystal- 
line material. The purified titanium (IV) phenoxide (sol- 
vated) (1) crystals melt at 320°F (50% yield) as re- 
ported in reference 4. 


Titanium (IV) Phenoxide Preparation by 
Ester Interchange 


Ti(OPr), + 4C,H;,OH Ti(OC,H;), + 4PrOH 


Titanium- (IV) Phenol Titanium- (IV) Isopropyl 


tetra-iso- tetra- Alcohol 
propoxide phenoxide 

188.2 grams of phenol was placed in a one liter, three 
necked, round bottom flask. The phenol was dissolved 
in 100 ml. of toluene. The flask was fitted with a stirrer, 
addition funnel and a condenser. The solution was heated 
using an oil bath. After about 25 ml. of the toluene had 
been distilled out, the addition of Ti(OPr), was started, 
while stirring. The oil bath temperature was maintained 
at 130°F. 143 ml. of Ti(OPr), was added drop-wise 


i 
5 10 
Time Minutes 


Figure 1. Exothermic reaction curve (hafnium phenoxyalde- 
hyde) 
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over a 30 minute period. The PrOH distilled from the 
reaction vessel slowly. The oil bath temperature was 
increased to 155°F. Residual isopropyl alcohol was re- 
moved under reduced pressure over a two hour period. 


The product is a dark red solid. 


Titanium (IV) Phenoxyaldehyde 
Resin Preparation 


The purified titanium (IV) phenoxide (25.7 grams) 
was mixed with paraformaldehyde (16.2 grams) and 
then heated slightly to initiate the reaction (130°F). At 
the fusion point of the mass, heating is terminated and 
an exothermic reaction continued. The temperature was 
recorded during polymerization. Figure 1 indicates that 
larger batches would require cooling. This polymeriza- 
tion reaction was carried out in a dry box under dry 
nitrogen atmosphere and a viscous homogeneous reddish- 
brown resin was obtained. The resin was polymerized to 
a solid infusible plastic material in a compression press 
mold at 400°F for 15-30 minutes under a pressure of 
about 5000 psi. The formaldehyde to titanium (IV) 
phenoxide mole (gram molecular weight) ratio must 
be greater than 5 in order to obtain an infusible solid. 
An insufficient quantity of paraformaldehyde produces 
a fusible polymer, which softens at higher temperatures. 
Figure 2 shows crystals of the titanium (IV) phenoxide 
prepared. 


Hafnium (IV) Phenoxide Preparation by 
Double Decomposition 

Hafnium (IV) phenoxide (Figure 3) was prepared 
by the same method as titanium (IV) phenoxide. 75 
grams of dry 95-96% pure hafnium tetrachloride (Mill- 
master Chemical Co.) was treated with 150 grams of 
phenol (Barrett or Oronite) heated to boiling then re- 
fluxed until evolution of hydrogen chloride gas ceased. 


Figure 2. Crystals of titanium phenoxide 
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The reddish-brown molten residue was separated from 
the mother liquor by decanting the liquid followed by 
washing with carbon tetrachloride and hexane and finally 
dried under a vacuum. Light yellow (almost white) 
hafnium (IV) phenoxide (melting point 327°F) resulted. 
The hafnium (as metal) obtained by analysis was 27.7% 
which is the theoretical calculated quantity. 


Hafnium (IV) Phenoxyaldehyde Resin 


Two different processes were employed in the a ate 
tion of the hafnium resin; namely the paraformaldehyde 
and acetal methods. 

The Paraformaldehyde Method—32% grams of the 
purified hafnium phenoxide was mixed with 13% grams 
of paraformaldehyde and heated slightly to initiate the 
reaction. An exotherm of 320°F was obtained with a 40 
gram batch mixture. The product had an amber to 
light brown color. The decomposition temperature pre- 
ceded the heat distortion point in a manner characteris- 
tic of phenolaldehyde resins. 

Glacial acetic acid was evaluated as a catalyst (5) in 
one experiment, and no noticeable difference was de- 
tected. The hafnium (as metal) obtained was 22.5% by 
analysis. 

The Acetal Resin—Acetal polymers such as Du Pont’s 
Delrin resin are sources of aldehyde upon heating. Acetal 
resin was pulverized in a hammer type pulverizer mill 
to pass 100% through a 200 mesh sieve. 2.7 grams of 
the resin was mixed with 6.45 grams of the hafnium 
(IV) phenoxide, and the same procedure as the para- 
formaldehyde method was followed. The resulting resin 
was not as highly colored as the one obtained by the 
paraformaldehyde method. This resin was cured at 
410°F to yield a brittle solid, therefore, was not evalu- 
ated further. 


Compression Molded Nozzle Inserts and 
Cylindrical Shapes 


Small cylindrical discs and nozzle inserts for a sub- 
calibre experimental rocket were compression molded 
to shape from 50% by volume of hafnium or titanium 
resin and 50% titanium carbide powder as filler. The 
molding temperature was 400°F and pressure was 5000 
psi. 

Two mixing methods were employed (1) the two-roll 
mill method and (2) the hand mixing method. In the 
first method, the raw materials are shaped between two 
(2”) rolls of a mill without circulating cold water until 
homogeneous and then introduced into the compression- 
mold cavity. In the second method, the raw materials 
are mixed by hand then transferred to the mold cavity. 
Hafnium resin nozzles made by the roll-mill method 
are shown in Figures 4 and 5. The results of the rocket 
firing is shown in Figure 4. Scrapings of the inner- 
peripheral surface of the nozzle will be analyzed for 
hafnium carbide at a future date. 

The ratio of formaldehyde to hafnium (IV) phenoxide 
is as important as the reaction between phenol and 
formaldehyde in the preparation of conventional calor- 
obic phenolformaldehyde resins. The resin was polymer- 
ized to an infusible solid by heating the phenoxvaldehyde 
mixture to 400°F and 760 mm pressure with a mole 
ratio of formaldehyde to phenoxide of 9/1. At a mole 
ratio of 5 to 1 an incompletely cured resin resulted 
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Figure 3. Crystals of hafnium phenoxide 


which softened at high temperatures. At 300°F and 
ambient pressure, this resin was not satisfactorily cured. 
Further investigation is necessary to establish the opti- 
mum temperature, pressure and proper catalysts to pro- 
duce optimum properties of the resin. Barcol hardness 
of nozzles shown in Figures 4 and 5 are approximately 
75, which compares favorably with similar calorobic- 
material nozzles made with phenolic resin and titanium 
carbide. Several nozzles were compression molded before 
a satisfactory uncracked nozzle was obtained. 


Pyrolysis of Zirconium, Titanium, and 
Hafnium-Phenoxy-Formaldehyde 

It is assumed, in the pyrolysis of the zirconium 
phenoxy-formaldehyde resin, that the residual zirconium 
oxide will be converted to the carbide (melting point 
6386°F). It will not be converted to the zirconium 
cyanonitride, because of the excess carbon present (6). 
This reaction will occur at the nozzle surface exposed 
to the flowing exhaust gases during the combustion 
process. The gases and solid by-products from the nozzle 
material absorb energy, and the final solid products are 
assumed to be graphite and the carbides of zirconium, 
titanium, or hafnium. 

The stability of one of these carbide nozzles would 
be determined by the environment. Zirconium carbide 
is unaffected by nitrogen or ammonia to 3270°F, and 
the nitride will form in the presence of hydrazine (at 
1100-1300°F) which is explosive with potassium per- 
chlorate at high temperatures (6). It is anticipated that 
the titanium and hafnium carbides will behave in a 
similar manner. 


Conclusions and Recommendations 

Glacial acetic acid as a catalyst in the paraformalde- 
hyde reaction inhibits the formation of hydrous zirconia 
if the pH is less than 7.0 (7). Investigation of other 
catalysts is indicated. 

Brittleness of the resins investigated can be minimized 
by (1) reducing the cross-linking of the phenoxide resin 
by blocking the para position of the phenol with prefer- 
ably a methyl or other group; paramethyl phenoci 
(Cresol) or other phenolics will therefore have to be 
substituted for phenol as a raw-material, (2) selecting 
dicyclopentadienyl-metal-dichloride of hafnium, titanium, 
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Figure 4. Nozzle insert of hafnium resin-titanium carbide 
(before firing) 


or zirconium as raw materials instead of the metal 
tetrachloride and selecting a dicyclopentadienyl-metal- 
trichloride of columbium and tantalum instead of the 
metal pentachloride. Brittleness can also be prevented by 
using fibrous fillers. 

Dicyclopentadienyl-tantalum (V)-triphenoxide could 
be prepared from the dicyclopentadienyl-tantalum (V)- 
trihalide then reacted with the aldehyde to form a resin. 
The same reaction is expected of columbium. 

Dicyclopentadienyl-hafnium (IV )-diphenoxide may be 
derived from dicyclopentadienyl-hafnium (IV) -dichloride 
and reacted with an aldehyde to form the corresponding 
diphenoxy-aldehyde resin. Analogous resins of zirconium 
and titanium may be synthesized in this manner. 

The molecular weight determinations of the inter- 
mediate titanium (IV)-phenoxide have shown it to be 
a monomer. 

An infrared analysis of the resin would indicate the 
chemical structure and differential thermal analysis 
would shed information on the pyrolytic products. 

The highest melting point (7619°F) of any known 
material is that of the system 4TaC + HfC (6). This 
system may be obtained as a pyrolytic by-product of 
a high polymer or of a hybrid mixture formed at the 
boundary of the nozzle surface during the rocket motor 
combustion period. The three approaches are to produce 
(a) a block polymer (b) a copolymer, and (c) a physical 
or hybrid mixture of tantalum and hafnium carbide. A 
block polymer may be formed by reacting the B-stage 
resin, or a lower degree of polymerization polymer of 
each of the hafnium (IV) phenoxyaldehyde with tanta- 
lum (V) phenoxyaldehyde. A copolymer of tantalum (V) 
phenoxyaldehyde and hafnium (IV) phenoxyaldehyde 
may be formed by mixing the proper molecular ratios of 
the hafnium and tantalum monomers with an aldehyde. 

The physical mixture would consist of the TaC-HfC 
filler with hafnium (IV) phenoxy-formaldehyde resin 
as the binder. Hot pressed or sintered carbides of 
hafnivm and tantalum have been prepared, but the 
difficulties and costs encountered in processing would 
restrict the use of the components so produced. The 
ease of forming the plastics components, and their con- 
sequent lower cost, would impose no such limitation on 
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Figure 5. Nozzle insert of hafnium resin-titanium carbide mill 
mix ‘after firing) 


their application in the rocket propulsion field. The 
percentage of hafnium and tantalum present as a carbide 
will be lower than that obtained by the sintered process, 
but the high concentration of the graphite by-product 
may prove to be an advantage. 

A solution of the hafnium and other resins mentioned 
above could be impregnated into porous graphite for 
evaluation as a calorobic material. Investigation of 
aldehydes other than those evaluated may be indicated. 
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Resins from 
Cyclohexene Oxide Derivatives 


and Fatty Acids 


C. W. McGary, Jr. and C. T. Patrick, Jr. 


Union Carbide Chemicals Company 


South Charleston, West Virginia 


How concentrations of flexibilized curing 
agents and initiators affect flexibility and 


hea epoxy resins are useful in many applications 
that require mechanical and thermal shock resis- 
tance, such as potting and encapsulating electrical com- 
ponents. Resins have been prepared from glycidyl poly- 
ethers of bisphenol A and flexibilizing curing agents such 
as polyamides, polysulfides, reactive polyesters, polyiso- 
cyanates, and polymerized fatty acids (1). Flexible 
resins also have been obtained by using glycidyl poly- 
ethers of long-chain polyhydric alcohols. Many of these 
curable formulations, however, are expensive and have 
high viscosities and short pot lives; furthermore, the 
cured resins are often more rigid than desired and they 
tend to embrittle on aging. An inv-stigation of resins 
derived from cyclohexene oxide derivatives and certain 
flexibilizing curing agents, accordingly, was undertaken. 

It has been observed that certain cyclohexene oxide 
derivatives react faster than glycidyl ethers with car- 
boxylic acids (3). For example, Unox epoxide 201°, 3,4- 
epoxy-6-methyleyclohexylmethyl, 3,4-epoxy-6-methylcy- 


hardness of epoxy resins 


clohexanecarboxylate, and adipic acid react rapidly at 
110-160°C,°* and a crosslinked resin having a deflection 
temperature of 95° is formed at a carboxyl-epoxide ratio 
of 0.5. It was proposed that two reactions are responsi- 
ble for the thermosetting polymerization. 


O Oo 


(2) 


Diglycidyl ethers and dicarboxylic acids, in comparison, 
react stoichiometrically (reaction 1) in the presence of 
basic initiators and yield fusible, linear polymers. Reac- 


O tion 2, however, can be accelerated by using either 
cyclohexene oxide derivatives or acidic catalysts, such as 
| stannic chloride. 
C—O—CH, Epoxide 201 and dimerized unsaturated fatty acids 
O O react rapidly at 160-200° to form a gelled resin. ye 
CH, CH, resins, however, cure very slowly after gelation, an 


Unox 201 


*® Trademark Union Carbide Corp. 
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tough, useful resins are not obtained without long, high 
temperature cures. In the presence of initiators such as 
stannous octoate, reaction occurs readily, and fully cured 


°° All temperatures in degrees centigrade 
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resins are obtained under mild curing conditions. This 
article is concerned with the resins derived from epoxide 
resin 201, polymerized fatty acids and stannous octoate. 


Experimental 

The materials were commercial products. The 201 
resin, which is a diepoxide, had an epoxide equivalent 
weight of 156, a viscosity of 1450 cp. at 25°, and was 
substantially free of inorganic impurities. Commercial 
stannous octoate was used. Several fatty acid derivatives 
were used, as follows: 


Acid Composition, % 


Material Monomer Dimer Trimer 


Tall oil (Unitol C OT, 

Union Bag—Camp Paper Corp.) 100 0 0 
Harcure dimer-870 (Harchem 

Div., Wallace and Tiernan, 


Inc. ) 30-40 —60-70— 
Empol 1014 

(Emery Industries, Inc.) 1 95 4 
Empol 1022 

(Emery Industries, Inc. ) 3 75 22 


3162-D (Emery Industries, Inc. ) 0 21 79 


The shelf life at 25° of a 60-g. sample of 201 resin 
fatty acid mixture was defined by viscosity measurements 
using a Brookfield viscometer, model LVF. Peak exo- 
therm temperatures and gel times were obtained for 
35-g. mixtures in stoppered, 4-oz. bottles in a circulating- 
air oven. The temperature in the center of the mixture 
was indicated by a thermocouple, and the gel time was 
arbitrarily recorded when a dropped lead shot did not 
penetrate the resin surface. 

The ultimate tensile strength and percentage total 
elongation were determined at 23° in accord with ASTM 
method D638-58T at a speed of 0.2 in. per min. Several 
of the semi- rigid resins had yield points at about 10% 
elongation; it is believed that energy generated darkoy 
the test raised the temperature above the deflection tem- 
perature in these cases. Deflection temperatures were ob- 
tained on 5 by % by % in. specimens by ASTM method 
D648-56 using a fiber stress of 264 psi. The Shore Du- 
rometer (type D) hardness was taken 10 seconds after 
penetration at 23° (ASTM method D1484-57T). 


Results and Discussion 

The effect of concentration of the 201 resin, dimer 
acid, and stannous octoate on the properties of cured 
resin was intensively investigated. Apparently, optimum 
physical properties, which do not change on aging, are 
obtained when the active groups react completely during 
the initial cure. Table 1 shows the effect of stannous oc- 
toate concentration on properties for a resin derived 
from 0.5 carboxyl group for each epoxide group. At 
0.5% concentration the highest deflection temperature, 
the lowest weight loss, and the smallest change in hard- 
ness upon aging at 120° were observed. Similar data 
were obtained for carboxyl-epoxide ratios of 0.3, 0.4, and 
0.6 all indicating that 0.5% initiator is most effective in 
the 3 categories mentioned. At the lower carboxy] ratios 
the resins were more resistant to change on thermal 
aging; for example, at a 0.4 ratio with 0.5% initiator the 
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Table 1. Effect of Stannous Octoate 
Concentration on Resin 


Stannous Octoate Conc., Wt. % 
Property 0.1 O25 65 1.0 2.0 4.0 6.0 


Deflection 
temp., °C. 11 7 43 4] 31 13 6 
Wt. loss, %” 2.3 1.8 per 1.7 2:3 4.7 6.0 
Hardness, 
Durometer D 
Initial 47 65 78 78 76 58 43 
24 hrs. 
at 120° 62 
2100 hrs. 
at 120° 82 8] 80 82 82 79 78 


68 79 80 79 70 59 


® Parts: Unox 201, 51; Empol 1022, 49 (0.5 carboxyl per epoxide). 
Cure: 2 hrs. at 120°, 4 hrs. at 160° 
» After aging 2100 hrs. at 120°. 


Table 2. Physical Properties of 201 Resin—Acid 
Derivative (Emery-1022) Resins After Aging 
at 120° 


Aging 
Time, Formulation, Carboxyl-Epoxide" 
Property hrs. 0.3 0.4 0.5 0.6 0.7 b 


Tensile, 
psi QO 7000 4800 2400 1100 200 365 
48 6200 5100 2500 1300 300 438 
120 6900 5300 3000 1600 500 512 
240 7000 4700 3000 2000 1000 1285 
Elongation, 
% 0 10 ur aa 45 250 340 421 
48 15 14 50 170 180 189 
120 14 tke. 30 130 170 33 
240 16 18 35 100 100 6 
Hardness, 
Durometer 0O 81 78 74 42 12 22 
D 48 81 c? 76 50 Ze 28 


120 82 78 78 56 28 31 
240 82 i? 78 61 42 37 


a Initial cure cycle: 0.5 hr. at 80°, 1 hr. at 100°, 1 hr. at 120°, 4 
hrs. at 160°; 2% stannous octoate. 

» Diglycidyl ether of bisphenol A (38.5 g.), Emery trimer 3162-D 
(61.5 g.), and DMP-30 (1 g.). Cure: 3.5 hrs. at 120°. 


hardness changed from 80 to 82 after aging and the 
weight loss was 0.2%. In all cases 0.5-2.0% of stannous 
octoate was very effective in producing stable resins. 
Concentrations outside this range gave resins that were 
more sensitive to thermal aging. It was observed that 
stannous octoate was somewhat deactivated by water 
and by basic materials, and therefore, 1-2% of initiator 
may be desirable if these contaminants are present. 

The proportion of 201 resin and dimer acid had a 
marked influence on hardness and tensile properties of 
the resins as illustrated in Table 2. Change in the tensile 
properties upon aging correlates very well with change 
in hardness. The data indicate that 0.3-0.6 carboxyl 
group for each epoxide group produces satisfactory resins 
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Table 3. How Resin Properties Can Be Changed By Using Hardeners 


With Various Amounts of Trimer, Dimer and 


Formulation, parts 


Monomer Acids 


1 2 3 4 5 
Unox 201 100 100 100 100 100 
Trimer 3162-D 99 
Empol 1022 97 58 
Empol 1014 94 
Tall oil acid 34 
Harcure dimer 870 117 
Stannous octoate 2 2 2 2 2 
Properties of Mixture 
Viscosity (initial), cp. 25° 4100 1850 1860 520 1970 
Pot life (time to 10,000 cp:), 
hrs. at 25° 8 16 20 50 28 
Cure 1 hr., 120°; 1 he., 160° 
Mechanical Properties 
Deflection temp., °C. S55 43 45 19 10 
Hardness, Durometer D 79 78 77 40 60 
Izod impact, ft.lb./in. notch 0.8 0.6 0.7 Bal 1.0 
Tensile strength, psi 5500 3300 3400 700 2000 
Elongation, % 9 40 40 240 140 
Electrical Properties 
Dielectric strength, volts/mil stepwise 429 426 414 418 448 
Surface resistivity, megohms >2 x 10° >2 x 10° >2x IF >2 x 107 >2 4 1G 
Volume resistivity, megohms-cm. >6. hi 10’ >6.0 x 10° >5.6 >5.6 x 10° >5.7 
Dielectric constant, K (a) cycles/sec. at 23° 
60 2.85 7 2.75 3.18 3.14 
10° 2.82 2.64 2.83 2.99 2.97 
10° 2.42 2.26 2.30 2.44 2.44 
(b) cycles at 80° 
60 3.37 3.71 3.78 4.49 4.69 
10° 3.01 3.25 3:25 4.18 4.25 
10° 2.49 2.39 2.47 2.89 2.98 
(c) cycles at 135° 
60 3.82 3.78 3.82 4.16 4.3) 
10° 3.80 3.78 3.79 4.12 4.29 
10° 2.96 3.04 3.02 52 eo 3.61 
(d) cycles at 175° 
60 3.69 3.65 3.59 4.06 4.54 
te 3.66 3.61 3.56 3.73 4.09 
10° 3.30 3.30 3.26 3.50 3.77 
Dissipation factor (a) cycles at 23° 
60 0.0063 0.0116 0.0119 0.0398 0.0335 
10° 0.0064 0.0095 0.0090 0.0284 0.0256 
10° 0.0080 0.0072 0.0075 0.0137 0.0123 
(b) cycles at 80° 
60 0.0710 0.0659 0.0652 0.0320 0.0377 
10° 0.0555 0.0733 0.0709 0.0650 0.0714 
10° 0.0168 0.0191 0.0209 0.0555 0.0659 
(c) cycles at 135° 
60 0.0086 0.0182 0.0147 0.174 0.0708 
10° 0.0149 0.0093 0.0114 0.015 0.0099 
10° 0.0645 0.0715 0.0702 0.0700 0.0759 
(d) cycles at 155° 
60 0.047 0.115 0.0558 0.397 0.45 
10° 0.0078 0.0091 0.0061 0.027 0.032 
10° 0.0642 0.0598 0.0614 0.054 0.058 
(e) cycles at 175° 
60 0.124 0.23 0.145 0.97 0.7 
10° 0.0097 0.015 0.010 0.067 0.054 
10° 0.0537 0.049 0.048 0.038 0.046 
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Figure 1. Peak exotherm temperature and 
gelation time as a function of ambient 
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PEAK EXOTHERM, °C. 
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temperature 


ing further produced only modest 
change. When a post-cure at higher 
temperatures was employed, little ef- 
fect was observed, but when the total 
cure was effected at 160-200°, the 
resins were much more flexible. This 
phenomenon may be related to the 
relative amount of ester and _ ether 
formed during the reaction since the 
higher reaction temperatures favor es- 
terification (2) and the structure of the 
polymer may be altered accordingly. 
Resin properties can be changed by 
using hardeners with various amounts 
of trimer, dimer and monomer acids. 
Table 3 summarizes the results ob- 
tained from 5 modifications and _ indi- 
cates that trimer acid leads to higher 
softening resins whereas addition of 
monomer acid, or tall oil acid, in 
limited quantities leads to lower soften- 
ing resins. The data further illustrate 
the low viscosity and long shelf life of 
the curable mixtures and the excellent 
combination of toughness and electri- 
cal properties. Apparently, the unique 
electrical properties at temperatures 
up to 175° can be attributed to the 
high proportion of hydrocarbon in the 


MIN. 


GEL TIME, 


AMBIENT TEMP, °C 


and that the higher proportions of dimer acid produce 
softer, more flexible resins. Formulations based on a 0.5 
carboxyl ratio and 1% of stannous octoate were selected 
for further characterization since they had the best com- 
bination of toughness and resistance to thermal aging. 
The choice, however, would depend largely on the ap- 
plication, and other formulations may be more suitable 
depending on the flexibility required. 

Mixtures of the 201 resin and dimer or trimer acid 
are completely miscible at 25° and have initial viscosities 
of 1800-4000 cpoise. The shelf life, or the time required 
to obtain a viscosity of 10,000 cpoise, is 8-20 hrs. when 
1% of stannous octoate is employed. After 3-7 days a 
tough, cross-linked resin is obtained if reasonable care is 
taken to exclude moisture. The high reactivity at 80-120° 
is illustrated in Figure 1 for a system containing 17.8, 
17.2, and 0.35 g. of 201 resin, Empol 1022°, and stan- 
nous octoate, respectively. Apparently, the lower tem- 
peratures would be more suitable for larger batches 
since the reaction is exothermic. Curing for 0.5-1 hr. at 
120° was adequate for near-ultimate properties and cur- 


® Trademark Emery Industries 
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resin. 


Addendum 


Other polyepoxides can be hardened 

with these fatty acids and catalysts, 

such as stannous octoate; for example, bis (3,4-epoxy- 
6-methyl cyclohexylmethyl) adipate, having an epoxide 
equivalent weight of 226 and Empol 1022 in the ratio 
of 0.5 carboxyl per epoxide group gave a resin with a 
tensile strength of 480 psi, an ultimate elongation of 
360%, and a Durometer D hardness of 15. The resin 
was more flexible than that based on UNOX 201 and 


had excellent thermal shock resistance. 
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Editorial 


New Frontiers in the 


Field of Macromolecules 


Prof. GIULIO NATTA 


Director of the Institute of Industrial Chemistry, 
Polytechnic Institute of Milan 


The discovery of stereospecific polymerizations has opened in the last seven years 
new horizons in the field of linear synthetic macromolecules and their applications as 
plastics, textile fibers, synthetic rubbers. 


The first stereoregular high polymers obtained by stereospecific catalysis are already 
being produced on a wide commercial scale, such as isotactic polypropylene, isotactic 
polybutene, several stereoregular polydiolefins (polybutadienes, polyisoprenes etc. ). 


Among the latter, cis-1,4 polybutadiene is now produced with a steric purity even 
higher than the one of natural or synthetic polyisoprene. 


The obtainment of polymers having a high steric purity and the regulation at will of 
their crystallinity (which can be achieved either by regulating the steric purity of the 
single macromolecules or by introducing some irregularities of chemical nature by 
means of copolymerization) permits us to remarkably modify the properties of the 
macromolecules. 


Thus, they can vary in a continuous way from highly crystalline products having high 
melting temperatures, to products having a lower degree of crystallinity and lower 
melting temperatures, lower hardness and higher elasticity, and finally to completely 
amorphous products having the properties of elastomers. 


An example of the latter are the ethylene-propylene or ethylene-butene copolymers 
which give very low cost synthetic rubbers having good elastic and dynamic prop- 
erties and, at the same time, a chemical resistance higher than that of polydiolefins. 


Ethylene-propylene copolymers which contain unsaturations randomly distributed in 
the chain can now be vulcanized by the conventional methods used with unsaturated 
rubbers; however they substantially maintain the mechanical and dynamic properties 
and the chemical resistance characteric of saturated copolymers which would nor- 
mally require special vulcanization processes. ¢ 


New polymers in which the melting temperature can be regulated without altering 
their crystallinity are obtained by copolymerization of monomers. The monomeric units 
of these monomers behave as isomorphous, in the sense of yielding crystalline copoly- 
mers having reticular constants and melting temperatures which are intermediate be- 
tween those of the corresponding homopolymers. Thus, diolefin polymers of different 
types can be obtained which have high melting points, elastic moduli and tensile 
strengths in the desired ranges of temperatures. 
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Stereospecific polymerizations have enabled the use as raw materials for the produc- 
tion of crystalline macromolecules, new monomers of very low cost which in the past 
could not be used to produce valuable products. 


These new monomers allow us to produce, besides plastics materials having interest- 
ing properties, also textile fibers which are extremely light and possess high mechani- 
cal characteristics as well as sufficient thermal resistance. 


The properties of these fibers and their dyeability, now already achieved by several 
different methods permit us to forecast very wide developments for highly crystalline 
polypropylene fibers (produced in Italy under the trade-name “MERAKON”® ). 


The synthesis of polytactic polymers, containing several sites of optical or geometrical 
asymmetry, has resulted in new classes of stereoregular polymers, including some which 
are optically active. It should be noted that the synthesis is started from monomers not 
containing sites of optical asymmetry. 


This fact differentiates the new synthetic polymers from the natural ones derived from 
the condensation of already optically active monomers (for instance cellulose from glu- 
cose, natural silk from L-aminoacids ). 


Asymmetric synthesis of polytactic optically active polymers represents a more ad- 
vanced stage of stereospecific polymerization, which mostly yields highly crystalline 
polymers. 


In these last years, stereospecific catalysis has been extended to new classes of mono- 
mers containing oxygen, nitrogen, chlorine etc. Ordinarily these monomers are not 
polymerizable with the metal-organic catalysts employed in alpha-olefin polymerization. 


Crystalline polymers were also obtained by stereospecific polymerization or copolymer- 
ization of monomers containing inner double bonds. 


Of particular interest is the synthesis of crystalline polyesters through polymerization 
or copolymerization of oxygen-containing unsaturated monomers such as, the polymer- 
ization of ketenes and their copolymerization with ketones, aldehydes, etc. 


These monomers permit the synthesis of crystalline polymers reaching a melting tem- 
perature between 200 and 300°C. Such a range is not reached by linear alphaolefin 
polymers. 


An alreacy reached frontier is the one of high chemical and thermal stability, an ex- 
ample of which is some saturated polymers not containing secondary or tertiary carbon 
atoms. These polymers are obtained by polyaddition of unsaturated, oxygen-containing 
monomers. 


The ne.v, almost unlimited possibilities recently opened by the production of new 
classes of macromolecules having different properties and characteristics (from old as 
well as from new monomers ) will allow us to select special products suitable for special 
uses at very low costs. 


We can therefore foresee that in the near future the variety and quantity of applica- 
tions and hence the consumption of plastics, fibers, and synthetic rubbers will be ex- 
panded throughout the world at a rate still higher than in the past, reaching and even 
exceeding the most optimistic forecasts. 


Registered trade-mark. 
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A preview of several 
articles accepted for publication 


in the next issue 
of SPE TRANSACTIONS 


The Thermodynamics Biaxial Elongation 
by Richard S. Stein 


An important article which extends thermodynamic analysis to the case of two 
dimensional deformation, of interest in elucidating the molecular mechanisms of 
such processes. Must reading for workers in biaxial orientation. 


Dynamic Measurement of Mechanical Moduli |: Equipment for Auto- 


matic Recording of Shear and Flexural Amplitude-Time Curves in 
Free Vibration 


by Armand F. Lewis and Marvin C. Tobin 


An article on a subject on which there is little data but for which there is a 
high demand—Poisson’s ratio. Equipment is described for measurement of 
Young's and shear modulus on the same identical polymer sample, by a free 
vibration method. Young’s modulus and damping, shear modulus and damping, 
and Poisson’s ratio are reported over a range of temperature for polypropylene, 
Nylon 66, and poly(methylmethacrylate). 


Relationships Between the Structures of Organic Phosphites and Their 
Effectiveness in Poly(Vinyl Chloride) Stabilization 


by James P. Scullin, Marvin Rosen, and Theodore A. Girard 


Following structural variations were evaluated: Aryl; alkyl; alkenyl; aralkyl; 
alkaryl; cycloaliphatic; mixed alkyl aryl tertiary phosphites; cyclic tertiary phos- 
phites; bis-tertiary :phosphites; and phosphites containing carbon-sulfur-phos- 
phorus linkages. 


Bibliography on Ultraviolet Degradation and Stabilization of Plastics 
by N. Z. Searle and R. C. Hirt 


Literature references on the stabilization of plastics, arranged in chronological 
order except for the categories of photochemistry, phosphorescence, and fluor- 
escence, which are arranged in alphabetical order by subject. Of special interest: 
The compact four-letter CODEN designation has been used in place of the 
chemical abstracts system, to save space and allow the references to be presented 
on a single line and to be printed directly from IBM punched cards. 
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